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1. INTRODUCTION AND SUMMARY

1.1 Introduction

The SDI requirements for near real-time identification, discrimination and precision
tracking of boosters, post-boost vehicles, and midcourse targets present a formidable
technological challenge. As discussed below there are many situations where the performance
requirements cannot be met with conventional imaging and tracking systems and innovative

techniques are needed.

For example, recent data on booster plume and hardbody signatures suggest that many
of the convendonal passive and active fine tracking schemes are inadequatc1‘4. RRI’s study
for STARLAB indicates that the technical value of near-term space-based demonstrations
must be enhanced through a broader-scope experimental program directed toward assessing
the feasibility of precision racking and pointing concepts. Due to an insufficient data base on
booster signatures, the feasibility of crucial passive-to-active handover functions with
sufficient accuracy is yet to be demonstrated; the hardware requirements for passive and
active trackers are yet to be credibly defined; and the tracking and fire control algorithms are

yet to be developed.

For PBV's and midcourse targets, there is the well known problem that conventional
monostatic laser radars can be casily "blinded" by simple optical countermeasures such as
comner cubes. These countermeasures have forced the use of bistatic laser radar architectures,
which significantly increase their cost and complexity. In addition, the feasibility of bistatic
ladars for DEW applications has not been evaluated, particularly in terms of integration and

boresighting with the weapon platform.

Typically, innovative techniques are the result of: 1) Newly found properties of target

signatures, ¢.g., spatio-temporal fluctuations of passive booster plume signalurcs2'3, or
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radiation scartering by solid-fuel booster plumes in the UV, the visible, and the near R4 2)
Newly developed hardware components, e.g., coherent medium-power lasers operating in the

UV or in the visible; 3) New algorithms for extracting the target information which constitute

5.6 imaging correlography.7

10

the basis for novel receiver structures, e.g., laser correlography,

autodyne8 and image texture tracldng9

, self-reference holography *“, etc.

RRI has made major contrioutions towards a realistic assessment of the feasibility of
active high-resolution imaging for target identification and precision tracking of interest to
SDIO. Our research produced the first quantitative characterization of passive and active
booster signaturc52'4, which was then used by the SDIO community to predict the
performance of conventional fine tracking of boosters. This performance analysis led to the

conclusion that in numerous cases conventional techniques are not adequate and innovative

approaches are necessary.

Riverside Research Institute proposed three novel techniques for fine tracking to meet
the unpreced:nted performance requirements: Autodyne and Image Texture Tracking for
boosters and Coherent-Radiation Imaging and Tracking via I''amination Coding (CRITIC) for
robust imaging and tracking of post-boost and midcourse targets and satellites. These
techniques are described in detail in Section 3 and Appendix 1 and can be demonstrated using

the IST ground-based experimental facilities.

The challenge facing the IST is to develop, test, and select the techniques or sensor
systems for operational space conditions based on experiments performed with the ground-
based sensors. Thus, one will have to develop the experimental field facilities of interest to
the IST (the ISTEF in Florida and the Downrange in Puerto Rico) to a state-of-the-art level
which will allow them to meet the following interrelated objectives: 1) to collect high-
resolution signature data on targets of interest and 2) to perform proof-of-concept experiments
with both innovative and conventional systems. To meet the above objectives one has to

design experiments such that their results will be conclusive and scalable to operational
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conditions. In Section 2 we describe a novel ladar concept, developed during RRI's
evaluation of IST facilities, that offers the potential for real-time measurements of
atmospheric transmission. This technique will be important for addressing scalability issues.
Realistic estimations of detection performance of ladars against threats is dependent upon
knowning atmospheric transmission over the slant path of the encounter geometry.
Consequently, atmospheric extinction coefficient is a parameter which needs evaluation to

support estimations and interpretations of test results.

1.2 Summary

Collection of quantitative data on signatures of space objects requires knowledge of
atmospheiic transmission at the geographical site of interest. Many different techniques for
measuring atmospheric transmission have been developed. In general, direct measurements of
transmission as a function of altitude require an airborne transmitter or receiver and are,
therefore difficult to carry out in real time. Remote sensing of the atmosphere by single-ended
ladars avoids this difficulty, but at a price of often unjustified assumptions about extinction
and backscattering coefficients. The recent ladar techniques which avoid such assumptions

have other types of difficulties.

Review of different techniques for ransmission measuremeats led to the conclusion
that such measurements are either difficult 1o implement in real time, or require untested
assumptions about the nature of extinction, scattering, or multiple scattering. Therefore, we
began the development of a novel real-time multipath ladar. The main disadvantage of this
multipath ladar, common to all remote sensing ladars, is that the sigral may be limited by
weak scattering at high altitudes. On the other hand, it has many advantages. It is very simple
and except for the steering mechanism can be built with off-the-shelf hardware. Measurements
can be made in real time. Simple data processing is required to obtain the values of

transmission coefficient as a function of range without a priori assumptions about scattering
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and extinction and absolute calibration is not required. The multipath ladar can be tested by
varying the beam azimuth angle for a fixed zenith angle. Radiation scattered by horizontally
homogeneous atmosphere is independent of the azimuth angle. Therefore, comparisons
between the signals returned for different azimuth angles can be used to determine the
characteristic length scales for horizontal inhomogeneities in scatterer properties at different
aldtudes.

Sizing of ground-based active systems for the detection of space objects and of the
proposed multipath requires information about the atmospheric ransmussion. In the absence
of data collected at a site of interest, LOWTRAN7 was used to estimate atmospheric
transmission as a function of range for different wavelengths. In addition, molecular
contribution to the backscattering was calculated in the Rayleigh limit and aerosol
contribution using the Mie scattering for standard atmospheric models. At present, the validity
of these models cannot be assessed. A detailed discussion of this research is provided in

Section 2.0.

In Section 3 we evaluate optical autodyne detection techniques which offer the potential
of improving the performance of passive and conventional active sensors in detection,
recognition and tracking. The autodyne technique can be applied against ground and
aerospace targets in a variety of scenarios as well as for booster and satellite imaging and
tracking. The work presented here is part of a continuing effort to develop an analytic
framework for the detection and parameter estimation of autodyne signals. The analysis is
applicable in a variety of scenarios involving rotating (or vibrating) satellites, or in tracking
the booster hardbody-plume interface. This analysis will be useful in providing a framework
for evaluating other techniques based on: light intensity interferometry such as correlography;
techniques applicable to diffuse and complex targets with strong specular components; and
will be extended to the more general case of spatio-temporal light intensity interferometry

where correlography and autodyning are limiting special cases.
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Optical autodyne detection is a direct detection method for measuring relative Doppler
shifts using a coherent laser illuminator. Various frequency components of the received
optical signal are mixed together on a square-law photodetector to produce an output
containing the spectrum of frequencies related to the relative velocity spectrum of the target
and background components. The main advantage of autodyne detection, as compared with
the usual heterodyning techniques, is its simplicity; a local oscillator is not necessary. The
increased robustness of an autodyne system makes it attractive for many applications. Such
an active system may consist of a pulsed laser transmitter and a photon bucket receiver,
although an array of antodyne detectors in the focal plane of the imaging sensor may also be
employed. One deficiency of autodyne detection is that it provides information about the
autocorreiation of functions proportional to the reflectivity of elements moving with a given
radial velocity, while the heterodyne technique in principle can provide direct information
about the reflectivity as a function of radial velocity. In many scenarios, however. a simple
autodyne detector will provide a signature sufficiently complementing the information

obtained by the passive - active sensor suite.

The results of our research are described in detail in Section 3 and summarized below.

Fundamental limits were established for the accuracy of the estimation of range and
velocity resolution for autodyne detection of a two point target with a pulsed laser radar
consisting of a transmitter collocated with a photon bucket receiver. The Cramer-Rao bounds
(CRB’s) were computed for both the signal shot noise and background limited cases. From
these bounds, the number of signal photons necessary to estimate a parameter with a desired

accuracy may be determined.

The sensitivity of the bounds to different parameter values and changes in the number
of unknown parameters was established. The value of a priori knowledge in parameter
estimation was demonstrated and related to the number of unknown parameters. An
important issue of practical consequence, which remains to be addressed in future work, is the

effect of detector response time on parameter estimation of echo signals.
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The double point target provides us with a wide parameter space. This work would be
useful in introducing the natural metric in parameter space for the proper evaluation of the
information content in echo signals. The bound on estimator performance was obtained for a
single laser pulse. Evaluating the performance of a multipulse system is certainly of great

interest and will be addressed in future efforts.

One of the important results obtained was that for a large relative Doppler shift a few
tens of photons are required to measure Doppler shift with moderate accuracy. To put such
predictions on a firm footing, one has to construct estimators with variances approaching the
CRB. An example applicable to problems in which fine parameter estimation is of interest,
¢.g., alignment and calibration when the uncertainty of the parameter value is small, is

provided (e.g, equation 3.41).

Another important class of estimators useful for many applications are the maximum
likelihood estimators (MLE). These estimators are applicable for large paraineter variations,
and approach the CRB for large signal values. The methods of implementation for the MLE
estimators, together with other practical considerations, and types of estimators are important

problems which should be addressed in future work.

It is expected that this ongoing effort will lead to the development of a new class of
autodyne sensors useful in various scenarios of practical interest. It will also help to establish
which additional measurements of channel, target, and background signature are required, and
what additional data related to sensor pattern selection are necessary to arrive at a realistic

assessment of the feasibility of advanced sensors for IST applications.

1.3 REFERENCES

1.  D. Brenner, "WSMR Signature Data Analysis", Report 87-036, Riverside Reasearch
Institute, 1987 (S)
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2. REAL-TIME MEASUREMENTS OF ATMOSPHERIC TRANSMISSION

Knowledge of atmospheric transmission is important in many situations. For example,
to detect objects in the earth's atmosphere, the wavelength of measurement is often chosen to
minimize atmospheric losses along the line-of-sight (LOS). Even when detection is not a
problem it may be desirable to obtain quantitative data on the radiation scattered or emitted by
the object under study. In this case radiation detected must be corrected for atmospheric
losses. The values of transmission (or extinction) coefficient as a function of wavelength
could also be used to determine concentrations of various molecular species in the
atmosphere, and to detect the presence of pollutants such as smoke. Sizing of ground-based
active syster s for the detection of space objects also requires information about transmission

losses in the atmosphere.

Not surprisingly, many different techniques for measuring atmospheric transmission
have been develop. 1-3 These techniques are reviewed in Sec. 2.1. In general, direct
measurements of transmission as a function of altitude require an airborne transmitter or
receiver and are, therefore, difficult to carry out in real time. Remote sensing of the
atmosphere by single-ended ladars avoids this difficulty, but at a price of often unjustified
assumptions about backscattering and extinction coefficients. The bipath ladar®S, which
does not make such assumptions, requires an airborne ladar and again would be: difficult to
use in real time. The multiple-field-of-view ladar7 requires its own set of assumptions

about multiple scattering in the atmosphere, and has not yet been tested.

Collection of quantitative data on signatures of space objects requires real-time
measurements of atmospheric transmission at the geographical site of interest. In order to
carry out such measurements, we began the development of a novel real-time multipath ladar
which is described in detail in Sec. 2.2.

The collected knowledge of atmospheric properties is summarized in standard
atmospheric modelsS. Based on these models, codes like LOWTRAN and FASCODE were
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developed to predict transmission as a function of wavelength and range for a chosen LOS;
some predictions of codes are discussed in Sec. 2.3. The models attempt to describe "typical”
atmospheric conditions, assumed to vary only with altitude, and may be inappropriate for a
particular geographic site. In addition, these static models cannot account for temporal
variability of atmospheric conditions which is easily observed at low altitudes. Finally, the
predicted extinction coefficient is highly sensitive to the assumed aerosol compositiong.
which is not well known and variable as well. Nevertheless, in the absence of data collected at
a geographical site of interest, the available codes provide the means to estimate the values of
the atmospheric transmission, which are not too far removed from the realistic values. At

present, however, the validity of this assumption cannot be asscssed.

Sec. 2.4 contains conclusions and recommendations.

2.1. Review of Techniques for Atmospheric Transmission Measurements

Various techniques for measuring atmospheric transmission have been reviewed in
Refs. 1-3. They can be divided into three categories: contrast, ransmission, and scattering

measurements.

Contrast measurements determine the apparent radiance of a known target (either
natural, such as sky, or artificial) and can, therefore, be used to calculate atmospheric losses.
While very sensitive and portable, these “fair-weather” measurements can oaly be made in

daylight. In addition, measurements as a function of altitude would require airborne targets.

Transmission measurements can rely on either natural or artificial sources.
Measurements of starlight attenuation determine only the total optical depth of the earth
atmosphere. Artificial sources (lamps or lasers) could be used at various distances from the
receivere to determine wransmission as a function of range. The main difficulty is the proper

alignment of the transmitter and receiver. However, these measurements are most direct and
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could be used to test other techniques. Again, an airborne platform for either the transmitter

or receiver is required for measurements at different altitudes.

One class of scattering measurements, nephelometry, relates the unknown extinction
coefficient to the scattering coefficients measured at various scattering angles. These
techniques work well only if absorption is negligible. In addition, they require samples of air
to perform measurements, and are, therefore, difficult to use for measurements as a function of

alttude.

The other class of scattering measurements uses single-ended ladars in which the
transmitter and receiver are co-located. The power returned to the receiver from radiation

scattered at a range R, from the transmitter, is given by the standard ladar «-,quation.2

R

B(R) =2 fdr k
P(R) = PO -? L] 0 [- 3 4

(5 (2.1)

where P, is the transmitted power, 8(R) is the volume backscattering coefficient, and ko, ((R)
is the extinction coefficient. It is evident that the measured signal P(R) is a function of both §
and k., .; in order to determine both of these quantities from the ladar returns, it is necessary

to assume a special relationship between the extinction k,,(R) and backscattering ﬁ(R).z'lo

It is desirable to extract both A(R) and k., ,(R) from the ladar data without assuming any
ad hoc relationship between the two. Recently two methods have been proposed for
achieving this. One is the bipath ladar%> and the other is the multiple-field-of-view ladar.5:7

The bipath method employs two separate single-ended ladar systems to meacure both the
backscattering and extinction coefficients unambiguously. The second ladar provides a
second independent equation in the two variables of interest; this set of two equations for two

unknowns can be easily solved. Hughes and Paulson> have shown that the backscattering and
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extinction coefficients obtained from a single ladar using Klett's reconstruction algorithmlo

were significantly different from those obtained with the bipath method.

Since it is often necessary to make measurements as a function of altitude, one of the
ladars must be flown on a platform (either a plane or a balloon). In addition, both ladars must
be calibrated. Thus, the bipath method is difficult to use for real-time measurements and a

single-ended technique would be preferable.

One such single-ended method, the multiple-field-of-view ladar, has been suggested by
Bissonnette et al.5'7 at DREV in Canada. This method makes use of information about
backscatiering and extinction which is contained in mutiply scattered radiation returned to the
receiver. Although no assumpticn is made about a relationship between the backscattering
and extinction coefficients, Bissonnette et al. do make some assumptions about the multiple
scattering contributions to the ladar signal which will have to be verified. At present this
system, built by Optech in Toronto, is being tested at DREV in Canada.

2.2 Novel Single-Ended Multipath Ladar

As discussed in Sec. 2.1, ladars can sense atmospheric properties in real time. This great
advantage comes at a price of often unjustified assumptions about backscattering and
exiinction coefficients. The bipath ladar which does not make such assumptions requires an
airborne ladar and is, therefore, difficult to use in real time. The multiple-ficld-of-view ladar
has not yet been tested and requires its own set of assumptions about multiple scattering in the
atmosphere. Here we describe a novel multipath ladar which can be used in real time and
which requires only some weak assurnptions about horizontal inhomogeneities in the earth

atmosphere.
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Consider a standard ladar pointed along a LOS with zenith angle 8 and azimuth
angle ¢. This is illustrated schematically in Fig. 2.1. Energy E(R) of backscattered radiation
from the rangz R detected by the receiver during integration time rpy is

cr A R

E(\,R) = no Do -2 gdr k.xt()\,:)

5~ $(NERIB(LRe
2R

’ (2.2)

where E, is the ransmitted pulse energy, A, is the receiver aperture, §(A) is the receiver
transmission factor, #(R) is the geometrical form factor which depends on the transmitter and
receiver geometry, and ¢ is the speed of light. Let N; denote the number density of scatterers

(molecules or acrosols). Then the volume scattering coefficient is

BOMR) = 3 N (R)o, (A, 6°) , (2.3)
i

and exdnction coefficient is

ext

X ee (MR) = %“1“""1 ) (2.4)

where ai(k,os) is the differential scattering cross-section at an angle 6% (usually for ladars
8% = x) and ¢;°*!(A) is the total extinction cross-section which contains contributions from

both scattering and absorption.

In the coordinate system shown in Fig. 2.1

R = z/cosé (2.5)
and

x = ztané . (2.6)

Hence, the scattering coefficient may be written as

B(R) = f(x,z) = f(ztané, z) (2.7)

and, similarly, extinction coefficient becomes

k.xt(n) = k.xt(x,z) = k‘xt(ztane,z) , (2.8)
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’ where the wavelength dependence is implicit. In this coordinate system the ladar equation

(2.2) can be written as

El—=—| =& ‘o % cos?8 s(x)s[ 2|8 (ztans
[coso o 2 :2 cosO] (ztand, z)
z
2 14 14 4
x exp{- Sosd Idz k‘xt(z tané, =z )} . (2.9)
o

Consider twc lines-of-sight with zenith angles 8 and 8 + A8, respectively. Let A6 be

sufficiently small so that

2‘%‘3—'—’1 Ax(z) | << 1 (2.10)
x
and
9ln k (x,2)
ext
3% Ax(z)| << 1 , {(2.11)
where
Ax(z) = z[tan(8+A0) - tanb] , (2.12)

Conditions (2.10) and (2.11) indicate that the angular separation between two beams must be
less than the typical angular size of horizontal inhomogeneities in the scatterer distribution
and composition. These conditions are essential for the proposed multipath ladar. They are not
very restrictive since horizontal inhomogeneities are expected to be most pronounced at lower
alttudes where the horizontal separation between the two beams is small. At high altitudes
the beam separation becomes large but the atmosphere is probably quite homogeneous at

these altitudes. A technique for testing these assumptions is described later in this section.
On the other hand, let A8 be large enough so that

| 1 _ 1 >
cosé cos (0+A8) ~
|

e, (2.13)
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where ¢ is a constant chosen to maximize the path iength differences for the two bcams

subject to constraints (2.10) and (2.11).

The values of A8 which satisfy condition (2.13) for e = 0.1 are shown in Fig. 2.2. Itis
scen that the required angular separation between the two beams decreases rapidly with
increasing zenith angle. Since, with the exception of clouds, the characteristic length scales
" horizontal inhomogeneities in the atmosphere are not known, the multipath ladar should

ate at a zenith angle of about 45°. Horizontal separation between the two beams is shown
in Fig. 2.3 in units of altitude as a function of zenith angle 6. It is seen that for 8 > 459, the
horizontal separation becomes insensitive to the value of 8; the minimum separation between

the beams is ez.

Assuming that conditions (2.10) -(2.13) are satisfied we can determine the extinction

coefficient as a function of altitude from

1 1 1 9
1‘ext:(”'uw’z) =2 cos (0+A9) cosd) 2z la Q(z) ., (2.14)
where
2
a(z) = E(z/cosd) cos” (0+48) E(z/cos(6+A8)) (2.185)

T E(z/cos(0+46)) t(z/cosd)

2
cos (9)
Since Q(z) depends only on the ratio of the received signals, absolute calibration is not
required to obtain the extinction coefficient. This is also true for the one-way transmission

coefficient which is given by

cos (0+A8)
2[cos (8+A8) - cosf]

T(Rmz/cosé) = [Q(z)) (2.16)

Given the value of the transmission coefficient, the volume scattering coefficient § can be
obtained using the ladar equation (2.2). Note that this requires absolute calibration of the
ladar.
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Fig.2.2 Minimum angular separaton of two beams in the multipath lidar for e = 0.1
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The formulae (2.14) and (2.16) for the extinction and transmission coefficients were
derived under an additional assumption that the scattering cross-section depends on scattering
angle but not on the incidence angle. This is true for spherical or randomly oriented
nonspherical scarterers. This assumption may break down in the case of nonspherical particles
which may be partially aligned, for example ice particles in cirrus clouds. In such cases it may
become necessary to carry out measurements at higher zenith angles. Effects of such possible

particle alignment on polarization (or depolarization) of scattered light should be considered.

The multpath ladar can be tested by varying the azimuth angle ¢ of the beam for a fixed
value of the zenith angle 8, as shown in Fig. 2.1. Under the assumption of horizontal
homogeneity, the signal rcceived from a given altitude should be independent of the azimuth
angle ¢. Comparisons between received signals as a function of altitude and azimuth angles
can be used to determine the characteristic length scales of inhomogeneities at different
altitudes. The beam pointing parameters could then be adjusted in real time so that conditions
(2.10) - (2.13) are satisfied during measurements. The multipath ladar could also measure
scattering and extinction by inhomogeneities such as clouds provided their angular size
exceeds the required angular separation between the beams. In addition, by continuing
measurements as a function of the zenith angle, it may be possible to determine the two-
dimensional distribution of scattering and extinction. Temporal variability could be
determined on time scales which will depend on the laser pulse rate and the beam steering

time.

2.3 Calculations of Atmospheric Transmission and Backscattering

In order 10 design the proposed multipath ladar, it is necessary to estimate that fraction of
wransmtted energy which will be collected by the receiver as a function of range. Clearly, this

fraction depends strongly on the values of the transmission and backscattering coefficients.
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All the transmission calculations discussed in this report were obtained using a
modification of LOWTRAN? to determine transmission coefficient at a particular wavelength
as a function of range. This is not the intended use of LOWTRAN?7, which was designed to
calculate transinission coefficient integrated over some spectral band. For losses in
propagation of laser beams it is more appropriate to use FASCODE; such calculations will be

carried out in the future.

In the calculatons, percentage of radiation transmitted in a round trip from the ground-
based transmitter to the monostatic receiver has been determined as a function of target range
along a line of sight with the elevation angle of 30°. Calculations were carried out at 0.53,
0.7, 1.06, 3.0, 5.0, and 10.6 um. Mid-Latitude Summer Atmospheric M- el was chosen, as
most appropriate for the ISTEF site.

Specification of the secason determines the tropospheric and background stratospheric
aerosol profiles used in calculations. Volcanic acrosols in the stratosphere may also contribute
to the transmission losses but have not been included in the calculations since it is not clear
which model is appropriate. It should be noted, that their effect would be to reduce the

calculated transmission.

In addition it was necessary to specify the nature of the boundary layer, i.e., 0 to 2 km
altitude. For the location of the ISTEF site, the NAVY MARITIME model was chosen as the
most appropriate one. In this model, the air mass character in the boundary layer can be varied
from open ocean to strong continental influence. In order to obtain bounds on the expected

v e of mansmission, calculations were done for both of these extreme cases.

The NAVY MARITIME model also requires specification of the meteorological range
V which is defined as

Vo= 3.912/x .. . (2.17)
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where k., is the total extinction coefficient at 0.55 um. To test the sensitivity of the
transmission coefficient, calculations were done for V = 5§ km (low visibility) and V = 50 km

(very high visibility).

The results are shown in Figs. 2.4 - 2.9, in which transmission for the continental
boundary layer is shown by solid curves while for the open ocean boundary layer by dashed
curves. Itis seen that, according to LOWTRANT7, essentially all of the losses occur in the
first 20 - 30 km from the ground and losses at 3.0 and 5.0 um are significantly greater than at
other wavelengths, due to strong absorption by water and carbon dioxide. For comparison,
1976 U.S. Standard Atmospheric Model has been used to calculate transmission at 10.6 um;
the result is shown in Fig. 2.10. It should be roted that the calculated transmission is very

sensitive to the choice of atmospheric model.

Backscattering in the earth’s atmosphere is due to molecules and aerosols. Molecular
contribution to the backscattering coefficient was calculated using the Rayleigh
approximation for the 1976 U.S. Standard Atmospheric Model. The aerosol constituents of
the atmosphere are not known with high accuracy and, in addition, may be highly variable,
especially at low altitudes. In this report we used the aerosoi models compiled in the
"Handbook of Geophysics and the Space Environment” published by AFGL.8 The aerosol

backscattering was calculated using the Mie theory. 3

The fraction of energy received by the ladar was stimated by assuming the following

system paramelers:
D= 1 us,
_ 2
Ao =0.1 m<,

S(VER) =0.1.

Note that with this integration time, the ladar would be capable of range resolution of 0.15
km.
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Fig. 2.4  Two-way atmospheric transmission at 0.53 um calculated with LOWTRAN? for
Mid-Latitude Summer Atmosphere (30° elevation angle).
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Fig. 2.5 Two-way atmospheric transmission at 0.7 um calculated with LOWTRAN? for
Mid-Latitude Summer Atmosphere (30° elevation angle).
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Fig. 2.6 Two-way armospheric ransmission at 1.06 um calculated with LOWTRAN7 for
Mid-Latitude Summer Atmosphere (30° elevation angle).
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Fig. 2.7 Two-way atmospheric transmission at 3.0 um calculated with LOWTRAN7 for
Mid-Latitude Summer Atmosphere (30° elevation angle). Note that the vertical
scale is from 0 to 1%.

€49-701 -24-




RIVERSIOE RESEARCH INSTITUTE

71— R
I 2 ]
i c3 1s
R 82 s
_ é 1=
X im
I 1~ ~
[ w £ E ] &
- = w " 4
L % : > 4 %
S © W r Q=
- E N 1®
L [+ <
N g 18
@ :
s o _.'
- .
i ~ ]
L Q oy
-3 /// [
p = - e °
(Z) NOISSIWSNYY¥L AVA-OML
e —— ___—__J

Fig. 28  Two-way atmospheric transmission at 5.0 um calculated with LOWTRAN?7 for

Mid-Latitude Summer Atmosphere (30° elevation angle). Note that the vertcal
scale is from 0 t0 0.2%.

C49-701 ) -25-




e et = cwwwsTIITWTS YTW Y IV WS

1"""""1 'TII'III'YIT[Yl'tl""l‘[T‘r'_'ThT_']r"r_r a
[ ]
X S ;
3 f: 12
o ]
-3 Eo )
- E ] 8
2 0% 4~
. : p
N : e
i 1=
C 1
L 1" 7
i o c E - L
| - o | x -8
o (% S " - %
A 7] 1
| o n > i =
- g >tﬁq — 4
I < )
s 5 -
o -
" 3 4is
[ > ]
S :
= E - @
_ A i o
8 I ]
[ L‘lll_LlJ L‘_L.llljlll'll'l‘llLu‘llll‘lllLl LLI,'I ) -
E 8 8 FE B 8 ® M R = =
(%) NOISSIWSNYY.L AVM-OML

Fig. 29 Two-way atmospheric transmission at 10.6 gm calculated with LOWTRAN?7 for
Mid-Latitude Summer Atmosphere (30° elevation angle).
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Fig. 2.10 Two-way atmospheric transmission at 10.6 gm calculated with LOWTRAN7 for
1976 U.S. Standard Atmosphere (30° elevation angle).

€49-701 -27-




RIVERSIDE RESEARCH INSTITUTE

The results are shown in Figs. 2.11 and 2.12 for wavelengths of 0.53 and 1.06 um,
respectively. In these figures, the energy fraction is given as a function of altitude rather than
range, which depends on the zenith angle 8. The weak signal from higher altitudes may
require longer integration times, larger receiver apertures, and/or more powerful laser

transmitter.

24 Conclusions and Recommendations

Collection of quantitative data on signatures of space objects requires real-time
measurements of atmospheric transmission at the geographical site of interest. Review of the
different techniques for transmission measurements led to the conclusion that either such
measurements are difficult to implement in real time, or that they require untested
assumptions about the nature of extinction, scattering, or multiple scattering. Therefore, we

began the development of a novel real-time multipath ladar.

The main disadvantage of the multipath ladar is common to all remote sensing
ladars; i. e., it relies on backscattering to provide the signal and may thus be limited by weak
scattering at high altitudes. Therefore, averaging over several pulses may be required to

improve the SNR.

One the other hand, the multipath ladar has many advantages. First of all it is very
simple: except for the steering mechanisin, it can be built with off-the-shelf hardware.
Measurements can be made in real time. Simple data processing is needed to obtain the
values of transmission coefficient as a function of range or extinction coefficient as a function
of altitude and zenith angle without prior assumptions about scattering and extinction.
Determination of the backscattering coefficient, however, requires absolute calibration of the

system.
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Fig. 2.11 Frgcu'on of transmitted energy collected by the lidar receiver as a function of
alttude for different zenith angles and \ = 0.53 um.
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Fig. 2.12

Fraction of transmitted energy collected by the lidar receiver as a function of
aldtude for different zenith angles and A = 1.06 um.
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The multipath ladar can be used to determine the characteristic length scales for
horizontal inhomogeneities in scatterer properties as a function of altitude by varying the
beam azimuth angle for a fixed zenith angle. Extinction and scattering by inhomogeneities of
angular size greater than the angular separation between two beams could also be measured.

Such inhomogeneites may include clouds and aircraft contrails.

If a dye laser is used in this ladar, the wavelength dependence of scattering and
extinction coefficients could be determined. This is very important for measuring molecular
absorption and, therefore, concentration of absorbing species, and also for determining the

aerosol size distribution.

Several issues pertaining to the multipath ladar still have to be addressed. One of
them, common to all ladars, is the effect of clear-air turbulence which may induce beam

wander or spreading. 12-14

Narrow (compared to the turbulence length scale) beams may
wander, leading to uncertainties in the zenith angle, while wide beams may spread, leading to
uncertainty in the geometric form factor for the ladar. The choice of the optimal beam width
must be investigated. Averaging over pulses may be useful in separating the effect of clear-air

turbulence and should also be analyzed.

The other issue is the possibie alignment of nonspherical scatterers, e. g., ice
particles in cirrus clouds. Possible advantages of polarization sensitive measurements should

be investigated.

The proposed single-ended multipath ladar can be tested by using a transmissometer
with an airborne receiver (or transmitter). Transmissometer measurements are very important
not only for determining the overall accuracy of the proposed system but also for assessing its

performance under different meteorological conditions.
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3.0 AUTODYNE DETECTION

2 .
1.2 system to improve the

RRI proposed to use the optical autodyne detection
performance of passive and conventional active sensors in detection, recognition and tracking.
The proposed technique can be applied against ground and aerospace targets in a variety of
scenarios as well as for booster and satellite imaging and tracking. The work presented here is
a part of the continuing effort to develop an analytic framework for the detection and
parameter estimation of autodyne signals, an analysis applicable in a veriety of scenarios with
targets such as rotating (or vibrating) satellites, or wracking hardbody-plume booster interface.
This analysis wili be useful in evaluating other techniques based on light intensity
interferometry such as correlography, for diffuse and complex targets with strong specular
components and will be extended to spatio-temporal light intensity interferometry where

correlography and autodyning are limiting special cases.

When an incoherent laser illuminator is replaced by a coherent one, active images are
degraded by laser speckle. It is possible, however, to obtain Doppler measurements providing
information about the target radial velocity and possibly its vibration. This signature permits
the detection of moving or vibrating targets in the presence of fixed or static targets, even

when the signature from the fixed target is ord:- ; of magnitude greater.

One can employ heterodyne reception in the image plane when the detector array is
illuminated by a local oscillator laser and outputs are properly processed. This provides
velocity information in each resolution cell of the active imaging sensor and reduces the
contribution from background (clutter) and detector noise. Measurement of the velocity
distribution within the illuminating beam can 1lso bs obtained without resorting to the
imaging system, by employing a single detector properly matched to the size of speckle
produced by reflections of the illuminating beam and using heterodyne detection. The
heterodyne deter~on technique requires very precise frequency matching of illuminator and
local oscillator lasers and precise alignment of the signal and local oscillator beams. This may

be quite difficult to achieve and maintain, especially for shorter wavelengths.
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RRI proposed to replace the sophisticated and sensitive heterodyne method by a
more robust autodyne technique. Optical autodyne deiection is a direct detection method for
measuring the relative Doppler frequency shifts using a coherent laser illuminator. Various
frequency components of the received optical signal are mixed together on a square-law
photodetector to produce an output containing the spectrum of frequencies related to the
relatve velocity spectrum of the target and background components. The main advantage of
autodyne detection, as compared with the usual heterodyning techniques, is its simplicity; a
local oscillator is not necessury. The increased robustness of an autodyne system makes it
attractive for many applications. Such an active system may consist of a pulsed laser
transmitter and a photon bucket receiver, although an array of autodyne detectors in the focal
plane of the imaging sensor may also be employed. One deficiency of autodyne detection is
that it provides information about autocorrelation of functions proportional to the reflectivity
of elements moving with a given radial velocity, while heterodyne technique in principle can
provide direct information about the reflectivity as a function of radial velocity. In many
scenarios, however, a simple autodyne detector will provide a signature sufficiently

complementing the information obtained by the passive - active sensor suite.

A limited experimental proof-of-principle laboratory demonstration has been already

pcrforrm:dl 2,

In the next funded program phase, it is recommended that RRI design more complete
and realistic expeniments illustrating the capabilities of the autodyne technique for pulsed
lasers, and define hardware requirements for the autodyne system in various scenarios of
interest. Different algorithms capable of extracting relevant information for complex targets,
containing a mixture of diffuse and specular reflectivity components, could be proposed and

sensitivity studies performed io evaluate the applicability of such systems to the ONR

mission.

The program presented by RRI will lead to the development of a new class of

autodyne sensors useful in various scenarios of practical interest. It will also help to establish
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which additional measurements of target, and background signature, and what additional data
related to sensor pattern selection are necessary to arrive at a realistic assessment of the

feasibility of the proposed technique.

31 Background, Technical Approach, and Anticipated Benefits

3.1.1 Background

In many applications, an improved performance of optical passive and active sensors
against ground, airspace and space targets is required. This enhancement can be achieved by
the addition of a coherent laser illuminator. If an active imaging receiver is employed,
speckled images of the target can be obtained, and with appropriate wavefront modulaton one
obtains range information. Employment of the autodyne array for an active imager will
provide information about the relative velocity distribution in a resolution cell of the active
imager. A photon bucket receiver with autodyne detector will provide information about the
relative velocity distribution in the illuminated region. An array of properly distributed
photon bucket receivers will not oniy improve the appropriately defined signal-to-noise ratio,
but may give some information about the spatial distribution of the target and background
components and their velocities (imaging and Doppler measurement with spatio-temporal
intensity interferometry). While coherent (heterodyne) detection can provide unambiguous
information about absolute velocity distribution, the autodyne mode of detection can offer a

practical scheme of sufficiently robust and inexpensive sensor for many applications.

A meaningful evaluation of an active system requires a good understanding of the
role it has to fulfill in various missions and scenarios. It could vary from detection of a
moving target within a set of possible targets selected by passive sensors in a clutrered
background to the determination of the type of target from vibration spectrum or the detection
and tracking of a selected feature in a complex target. The capability of providing rapid
illuminator beam steering may be required; weather constraints may be an important factor to

te considered. Important elements defining optical system performance include illuminator
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power, beam wavefront quality, pulse repetition rate, constraints and effects of the selection of
illuminator and receiver platform, the properties of bidirectional propagation channel, target
and background effects, detector characteristics, resolution and s ‘nsitivity of spectrum
analyzers or digitizers. RRI is aware of these effects and has the ¢ :pability to bound and
quantify their contribution to the overall system performance. Understanding these issues and
their impact on the performance of heterodyne and autodyne systems, together with the
knowledge of the state of the art is essential to assess the potential and the deficiencies of

these two techniques.

3.1.2 Technical Approach

Let us assume that both receiver and transmitter are located on the ground. The
performance of a highly coherent laser transmitter illuminating the target with known
intensity distribution may be affected by platform vibration and optical path phase and
amplitude distortions. Platform vibrations are important for a sufficiently narrow beam, when
the induced beam jitter becomes comparable with the beam size. Part of the optical
degradation is due to the index of refraction fluctuations caused by clear weather mrbulcnce3
of the atmosphere. The size of these fluctuations depends on weather conditions, transmitter
and receiver location, transmitter line of sight (LOS), and for fixed aperture size their

contribution increases as the wavelength becomes shorter.

The presence of the trbulence effects may produce additional beam jitter or more

serious degradation of illuminating beam for larger apertures or ranges.

It is useful to divide the effects of turbulent armosphere into two parts comresponding
to segments of a bidirectional earth - space - earth propagation channel. The highly coherent
ecarth based laser transmitter illuminates target in space with a beam of optically flat
distribution or other known intensity distribution (uplink). Diffuse and specular reflection of
the laser illuminator is detected by the ground based receiver (downlink).
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A rudimentary analysis reveals that turbulence - induced beam spreading will
increase the diffraction limited far field beamwidth of the laser transmitter, and angle-of-
arrival fluctuations may limit the power collection capability of the diffracton limited receiver
(if it is sufficiently large). While atmospheric beam spreading may degrade system
performance operating in low light conditions (e.g., at large ranges), both in correlography in
autodyne detection (with nonimaging receiver), the use of diffraction limited receivers is not
required and atmospheric limitations on the size of PSF are not especially significant for a
receiver that is essentially an aperture integrator (photon bucket). Both uplink transmission
and downlink reception are subject to scintillation fading, and those effects may significantly
affect the performance f various techniques employing analysis of spatio-temporal behaviour
of speckle patterns to obtain the desired target characteristic. In general, both uplink and
downlink effects will be present simultaneously. It is instructive, however, to consider
degradations produced in a simplified case when only one of these two effects is present. In
particular, compensating optics can be used to combat uplink fading, while on the downlink
this can be accomplished by spatial averaging of atmospheric speckle with sufficiently large
receivers (if target generated speckle is sufficiently large), or by increasing the number of

receivers.

If we assume that the target is far above the atmosphere, then all turbulence in the
propagation path is located near the receiver and transmitter plane. Because of this
concentration of turbulence near receiver and transmitter, the earth-space channel behaves as
though the vacuum channel was dominating through mos: of the propagation path from
transmitter (receiver) to target, with turbulence creating a random phase and amplitude screen
in the transmitter (receiver) plane. This simple modeling which neglects the thickness of
atmospheric layer may occasionally, depending on applications, be inadequate or even lead to
contradictions. Defining the conditions when simple modeling of the propagation channel
with one of a few properly positioned random screens is adequate for a given application
would greatly contribute to better understanding of the requirements for the different
techniques of spatio-temporal speckle processing to provide satisfactory estimates of target
parameters.

C49-701 -37-




RIVERSIDE RESEARCH INSTITUTE

It can be easily shown that downlink effects are equivalent to multiplicative random
modulation intensity distributions of target generated speckle patterns in the receiver plane
(provided that the target is smaller than the isoplanatic patch size). Similarly, uplink effects
are equivalent to random modulation of illuminator beam wavefront which multiplies target
reflectivity amplitude. The result of uplink and downlink turbulence effects can be presented

as generating different type of bias of the estimates of various target characteristics.

It is worth noting that the resolution of passive and active sensors will be similarly
affected by turbulence. If the angle-of-arrival fluctuations causc a degradation of active
images, this will affect the autodyne as well as the heterodyne detection techniques. If a non-
imaging receiver that is essentially an aperture integrator (photon bucket) is employed, this
atmospheric degradation is not important for the autodyne technique, but it may degrade the
efficiency of heterodyne detection if the correladon scale of the angle-of-arrival fluctuations is
comparable to the detector size. If non-imaging arrays of detectors are employed, the
presence of the channel induced degradation further diminish the attractiveness of heterodyne
schemes. Since both parts of the propagation channel are subject to scintillation fading
effects, they may influence the performance of autodyne as well as heterodyne detection
schemes. In some scenarios, non-imaging arrays of autodyne detectors could produce outputs
which, when properly processed, would allow resolution exceeding the limitations imposed

by the turbulence effects on imaging sensors.

All this indicates that the presence of atmospheric turbulence induced degradation
cither worsens both systems in a similar fashion or makes the autodyne scheme more
attractive. Other changes in the signal, due to absorption by atmospheric gases or scattering
by molecules or aerosols which could be of great importance in some scenarios, will affect

both techniques in a similar fashion and could be the decisive factors in wavelength selection.

The laser radar signatures of the different targets and their proper characterization in

various operational scenarios is an important element of performance evaluation of an active
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sensor. Many targets of interest represent geometrically complex objects. For instance, some
satellites should be modeled by several flat and curved surfaces and edges. This may result in
rather complicated signatures, strongly dependent on the relative configuration of the
transmitter, receiver, and target. The relative contribution to the observed signatures of the
specular component of the target reflectance due to edges and flat surfaces normal to the
transceiver vs the diffuse component of the target reflectance, their stability and classification

potential will affect the choice and mode of operation of an active sensor.

Let us assume that the target is illuminated with a beam which is larger than the
target dimensions, and that longitudinal coherence of the transmitted illumination pulse is
determined by the finite duration of the pulse. We may be interested in target vibration

spectrum where the target may represent a helicopter in the vicinity of clouds.

Let us assume that Ap is an effective illuminator beam area in the target plane. Then

a properly matched receiver at distance R should have the dimensions

A = lle AB]Rz. (3.1)
The number of photons/sec incident on the receiver is given by
e [[.p/:]dn]np,r (3.2)

where &P’I‘ is the number of photons/sec transmitted, A- is laser wavelength, and d@d is the
solid angle given by AR/RZ. We also assumed that the illuminated spot can be described by a

Lambertian scatterer with effective reflectivity ¢ s Therefore,

W [[«,77) [N/2) [¥5m

- [5.1024] lnp/tl l)\s/A‘ PT* [llwatt-notor-uc (3.3)

where P is the power in waus.
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The Doppler shift of backscattered radiation is given by:
Av = IZV/C]vQ- ZV’_/k (3.4)

where v is the light frequency, and v is the radial velocity of the scatterer. The smallest
temporal scale is relazed to the largest relative velocity Av ..., present among scatierers (the
so-called temporal size of speckle), and is given by

Tcp - UA“mx = Vzm'mx. (3.5)

This important parameter defines the required detector response. The number of photons

registered in this characteristic time is given by

N= [lp/!] [X‘/Aal lPT/Avm.x] [5'102‘] [l/wattmeto: (3.6)

In order to achieve autodyne detection which is not shot noise limited (and assuming
that detectors are shot noise limited), a minimum N of 5 + 10 photons are required per

5

temporal speckle”; therefore, to operate in this regime, the expression for the power

requirement is given by:

P_[W] = 2_1 ) N‘BAV Tmax (meterx]
T P )‘4[5.1024][',

(3.7)
ror)

where np 1 describes the total transmitter and receiver efficiency, and includes possible

atmospheric losses.

The amount of energy per pulse is determined by the velocity resolution requirement

and defined by pulse duration. This second characteristic time scale is given by

T, = MAY in. (3.8)

and leads to the following energy requirement:
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NA_Av
2r AB rmax
E[(J)] = — . 3
P AT Av

3 [meter) (3.9)
[5-20%¢]
rmin Tpor
This amount of energy (for N of the order of § + 10) would allow for "semiclassical”
operation. Note that in addition to the expected dependence on illuminated area, receiver and
transmitter efficiency, it is proportional 10 the inverse of the cube of the wavelength and the
number of velocity resolution cells defined by

N = Av /Av

res rmax rmin) ’ (3.10)

Increasing laser energy beyond that required for semiclassical operation will not bring about
any significant improvement (for shot noise limited detectors) and fixed pulse deviation. In
semiclassical operation, after proper signal processing, we can obtain autocorrelation of
reflected intensity disbribution as a function of radial velocity. Each "resolution” cell in this
image will be corrupted by noise. Typically, SNR defined as signal divided by the square
root of variance of the signal can be of the urder of 1/2 (results depend on the signal

processing scheme and on target signatures).

Consider the following numerical example:

2 -6
ep = 0.1, Tpor ™ 0.05, AB = 100m , A =10 m

= 100

N = 10, Avmax/Avmin] ’ (3.11)

This leads to E = 25J. In the visible range, for A =.5. 10-6m, Ex = 200J and for long
wavelength A = 10. 10’6m. ET = (1/40)J. This rather considerable energy requirement for
short wavelength cannot in general be easily decreased by any significant amount without
paying a price somewhere else. For ins:ance, a decrease of the energy by a factor of two can
be compensated to produce the same SNR by using two autodyne detectors or two (so that the
number of photons per temporal speckle N is reduced from 10 to 5) pulses; further decrease of
the energy transmitted may require a disporportional increase of the number of autodyne

receivers. For lowlight conditions, this number would be proportional to the square of the
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inverse of ransmitted energy. For longer wavelength the energy requirements as listed do not
represent a significant constraint, but the formulas are too optimistic, since infrared detectors
are not shot noise limited. One can, however, easily replace the formula presented above by
interpolating the expression which takes into account the detector noise. Let us note that
energy requirements for heterodyne reception are similar, except that detector noise is usually

negligible.

When tracking booster-plume interface with a narrow beam with effective area of

4m? we obtain much more moderate energy requirements in the visible range of Ex = 8J.

It is worthwhile to compare the energy requirement of non-imaging autodyne
detection and that of an imaging sensor (in non-autodyne mode, to assure a performance
which is not shot noise limited). In this case the number of photons incident on the imaging

receiver is given again by:

uy = [l re)anfiy = [[e o] [agrn®] ]y (3.12)

where Ap, is the area of imaging receiver and N is the number of photons transmitted. Since
the area of resolution cell in the target plane is given by (AZ/AR)RZ. the number of photons

from the resolution cell of the illuminated spot is given by
Y (BN
IR p AB T

24 3 "
= [5-10 ] [cp/t] [k /AB]NT[I/Joulo-motor (3.13)
[N
where N is pulse energy in Joules. In order to achieve an image quality which is not shot

noise limited (and assuming coherent illumir 'nd shot noise limited detectors), we need
an Nyg of the order of 5 per resolution ceal. Jre, to operate in this regime, we obtain

the following energy/pulse requirement:

¥1r %8

[meter] (3.14)
3 24
z "ror[5’1° ]

£(J) = [t/cp]
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and a1, again describes the transmitter and receiver efficiency together with atmospheric

channel losses.

This expression is similar to the one obtained for autodyning, except that it does not
involve a multiplier equal to the number of velocity resoludon cells. Note that a factor of two
is also missing and our estimate of Njg necessary to attain the classical regime can also be
lower by a factor of two, one has to be careful, however, with such order-of-magnitude

estimates.

Thus, accepting the numbers from the previous numerical example, we have an
energy requirement which is more than a hundred times lower than in autodyning. In
addition, for the imaging sensor we can trade directly the laser energy/pulse for the number of
pulses or the number of receivers, which, as mentioned above, is possible only for a limited
energy range in autodyning. Another condition necessary for achieving a performance which
is not shot noise limited is the requirement for the minimum power. Decreasing laser power
and increasing the pulse duration with fixed energy increases the resolution of the autodyne
technique. For an imaging system and low light level conditions, the resolution can be traded
directly for SNR. Similar direct tradeoffs for autodyning are possible only for a limited range
of power, without causing SNR degradation. If, however, energy beyond that required for
semiclassical operation is available, increasing pulse duration is often beneficial. The energy
requirement for an autodyne array of an imaging system is similar to that of a nonimaging
system. It is important to note that employment of an imaging sensor with too high resolution
may rule out the appearance of an autodyne signal if the target signal components with

different velocities are separated into different resolution cells.

This general discussion needs refinement and should be more strongly connected to
various scenarios and detected target signatures. For instance, when the velocity spectrum
contains only two points as in the case of aircraft moving in a clouded background, detection
and estimation of the signal may require lower laser power than in the case of the general

velocity distribution. This should be included in the discussion of the value of a priori
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knowledge in estimating the parameters of interest. A major section of this report is devoted
to this problem. Another important case corresponds to the target with specular reflection. In
some cases glint reflection would serve as a local oscillator for the reflected diffuse
component and effectively convert the autodyne system into heterodyne detectionS.
Improvement of SNR by the employment of several autodyne detectors was mentioned above
in the context of shot-noise reduction. In many cases using sparse arrays of autodyne
detectors would lead to noise reduction due to fading. To introduce proper spatio-temporal
sampling redundancy, helpful in improvement of SNR (if possible), it is necessary to have a

good understanding of target signatures, and in particular the target coherence properties.

Another problem not discussed here is the use of proper wavefront modulation to
enhance the range estimation, and also to obtain information about the target depth. While
range information can be easily extracted for relatively short pulses, with simple amplitude
modulation more information about the target in the line of sight direction can be obtained
using autodyne detection by appropriate phase modulation similar to the one employed with

conventional radar. We will briefly touch upon this problem in the next section.

3.1.3 Anticipated Benefits

The discussion of issues outlined above could be carried out in more detail for
various scenarios of interest in the future to establish when the autodyne system can enhance
the performance of a passive and conventional active sensor suite. The development of an
analytical framework would help to understand the potential of the autodyne system. This
would also help to assess the usefulness of the autodyne photon bucket detector array in

obtaining both target images;“‘9

and velocity information for various scenarios. Such an
analysis will help to select proper sensor architecture (imaging or nonimaging) for limited
demonstration and short- and long-term applications. The results obtained would be useful to

guide technology development in the area of lasers, spectrum analyzers and digitizers.
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3.2 Fundamental Limits on Range and Velocity Resolution for Autodyne Detection
of Two Point Target

In this section we will consider limits on range and velocity resolution for autodyne
detection of a two point target with a pulsed laser radar consisting of a transmitter collocated
with a photon bucket receiver. In this type of system the target is illuminated with a beam
which is typically larger than the target dimension and the received signal is registered by a
square-law photodetector. The longitudinal coherence of the transmitted illumination pulse is
determined by the finite duration of the pulse. In our analysis we assumed that the amplitude
of the transmitted pulse is Gaussian. The considered model includes linear modulation of the

phase of the transmitted pulse.

We will discuss the estimation of ranges, relative velocity, and amplitudes of a two
point target when laser backscattered radiation is collected with a photon bucket receiver of
proper dimensions and registered by an incoherent autodyne detector. An analytical
framework is developed to establish the fundamental limits on the resolution of such a system
to obtain a quantitative understanding of the dependence of the accuracy of estimation on
target separations, amplitudes, relative velocities, and on the number of photons available.
The value of a priori knowledge to obtain a desired accuracy for estimation of a parameter of
interest is computed and discussed for selected cases. The analysis is carried for Poisscn
photon statistics. The performance of various estimators is evaluated by utilizing the Cramer-
Rao bound!0:11 (CRB) for both shot noise and background limited conditions. The results
presenied have applications for robust laser radars and contribute to a better understanding of

the performance and potential of an autodyne detection system.

There are several special cases corresponding to interesting problems. When the
relative velocity of two points is known and equal to zero then we have to determine
longitudinal separation of two fixed points, i.e., time delay between echo signals registered by
the detector. This problem is a one dimensional temporal analogue of the estimation of a
spatial separation of two point sources from their image 12,13 Another problem corresponds

to the case when separation between two points is zero and when Doppler shift gives
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information about relative velocity of the target component. This can be the case for instance
in some geometries when the nozzle and reflection plume are illuminated by a laser pulse.
The case when reflectivity of one of e point targets is known and much higher than another

brings autodyne detection into analogy with heterodyne detection.

Analysis presented in this paper will remain valid if the assumptions that a target
consists of two points are relaxed. Indeed, two targets illuminated by a relauvely narrow laser
beam can have finite dimensions in the directions perpendicular to the line of sight (LOS) of
illumination beam (provided that they do not rotate). The longitudinal dimensions of the
target, however, should be sufficiently small so that the echo signal produced by the
individual target component, pulse spreading or distortion of phase modulation are negligible.
Transverse dimensions of a two component target will affect performance of an autodyne
detector through limitations imposed on the size of the photon bucket. Indeed, since the
photon-bucket area should not exceed ()«Z/A—I-R)R2 where A- wavelength, R - range and
AR~ transverse area of illuminated target assuming that all separations are much smaller than
R) the transverse target dimensions limit the power collection capability of individual photon-

buckets.

One of the important problems addressed is how the estimation accuracy of a subset
of parameters depends on the knowledge (and the numerical value) of the remaining
parameters. Indeed, it is important to recognize that the longitudinal resolution of two point
targets (their separation and relative velocity) depends not only on the temporal pulse
distribution, total signal and background noise level but equally important, on the state of our

knowledge about the object prior to measurement.

Our goal is to determine theoretical limits on the accuracy of estimating the values of
a set of parameters describing the echo signals from a two point source. Analysis of the
accuracy with which one can measure separations, individual positions and relative velocity

can be extended to other parameters or their combinations. A way to determine the number
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of signal photons necessary to measure echo signal parameters with desired accuracy is
indicated. We assume that the echo signal representing backscattering from two point targets
and which may be embedded in a uniform background is registered by an incoherent (square-
law) detector. Calculations are performed in the limiting case of ideal detectors with
negligibly small (compared to the fine structure of the backscatter signal) response time,
detecting the entire echo signal. The analysis is carried out for Poisson photon statistics. The
Cramer-Rao bounds (CRB) for various parameters describing echo signal are computed and
the sensitivity of the CRB to different parameters and changes in the number of unknown
parameters is examined. The results presented here provide a more comprehensive definition
of resolution of longitudinal separation and relative velocity for autodyne signals and are
important in such applications as: astronomy, light communications and reconstruction of

images from the recorded spatio-temporal evolution of speckle pattemns.

3.2.1 Statistics and Parametrization of Echo Signals

Let P(t,(A)) be the power distribution on the detector as a function of time, where (A)
= (Aq,...,Ap) denotes a set of deterministic parameters describing the echo signal. The
normalization of P(t,(A)) is such that the probability of n, photocounts in the k-th tme slot on
a detector with integration time r is given by:

E ((2))

n
1 k -
PO M) = o g ] "o : (3.15)

where:

E ((A) = I dt P(t, (A)) + pr = N _({A)) + N

B’ (3.16)

(r)k

P denotes the signal and p-uniform background power. In our analysis we assume that the
backscattered signal is embedded in Poisson background noise and is continuously sampled
through the entire echo signal. We assume the detector response time much smaller then

integration ime of the detector and small enough so we can write
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E ((A) = r(R(E,, (A) + p] = N ((B) + N (3.17)

B
where t, denotes sampling time of the detector. The joint prchability distribution of collected
photocounts is given by

1

P(al(a)) = | p(a, | (A)) (3.18)
k=1

where n is a vector representing the photocounts registered during observation time.

Let the time dependent part of the complex amplitude of the illuminating pulse be
described by f(t):

ituo'y (t)

f(t) = Z(t)e (3.19)

where Z(t), ¥(t) describe the amplitude and frec .ency modulation. We selected Gaussian

amplitude and linear frequency modulation:
[ gm A et
Z(t) = (270 ] (3.20)
7(t) = (1 + at)

Assuming that Doppler shifts are due to the linear (and nonrelativistic) motion of two target

components, the power intercepted by the receiver can be parameterized as follows;

P(t, (A))

2 2
n.lz (t - rl) + n.zz (¢ - 12)

+

2~m.1u.2 Z(t-fl)Z(t-f )ccl[ZUOI(rirz) (t-(71+72)/2)

2

+

Aw(t - (71+ 12)/'2)) + ¥)

N.{pzz(t-r—Ar/Z) + (1-p; zz(t—ﬁ-Ar/Z)

+ 2ip(1-p) 2(t~7-Ar/2)2(t-7+A7/2) -
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cos[Au(t-f) + 2u°aAf(t-f)+¢]} (3.21)

where the Doppler shift of carrier angular frequency is given by

2Av
bw = w_(28v/c) = 2'['?'] (3.22)

with Av representing the relative velocity of the two target components along the LOS; Ng; =
N¢p (Ngp = Ny(1-p)) represent the average number of photons backscattered from the first
(second) target registered by the detector when another tasget is absent; r; and 74 are round
trip time delays and ¥ is the phase offset; p is related to the relative backscattered signal from
the target componeats, 7 is round trip time delay 7 = (7+7,)/2 of the ransmitted pulse to
the midpoint of the line segment connecting two points along the LOS, and Ar = (7 - 79) is
differential time delay which we can call ternporal separation of two point targets. In deriving
this equation we neglected several terms which were of the order of v;/c (v; - velocities) as
compared to those already present. Another term which was omitted in the argument of the
cos(+) function was of the form aAu(t-r)z; dropping this term is justified provided that
ao<<] which we assume is satisfied. One may add that although the definition of pulse

duration can vary depending on the application, its values typically are between 20 and 40.

The set of parameters (A) describing backscattered signal registered by the detector

consist of
b = [fl Afr A‘l’t P: N.I l'l P] b ‘All Azl "'IA7) (3'23)
and the total (average number of signal photons registered by detector) is given by
N,r = N.{l + 2pip(1l-p) o'covl'}
2 2
o= -1 _ 9 (a4 20 anr)? (3.24)
802 2 °
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From this expression we can see that N, is equal to the average number of photons only when
¥ = 0° or 180° and approximate equality holds when separation between two point sources
(along the LOS) or 02[Au + ZuoaAf]2 is sufficiently large. Out of six parameters describing
the patiern of echo signal, two (7 and N,) define the pattern translation in time and scaling,

respectively, and i~ remaining four define the pattern shapes.

In some cal. .iations under shot noise limited conditions, one has to proceed with a
special care if the echo pattern has zeros. Such zeros of pattern are present (excluding zeros

for tw+ew), when pattern parameters satisfy the relation:
02 P
¥+ (Aw+2w°tAf) lK; in lﬁl ] s (2k+l)x (3.25)
where k is an arbitrary integer and A7 # 0.

Various cases of echo signal patterns are shown in Figs. 3.1, 3.2 and 3.3 for the
special case of p = 1/2, when the backscatter signal from two target components is of equal
strength and in the absence of phase modulation. In these and other figures, td, tdd and vd
denoted time delay to the midpoint, temporal separation of two point targets, and relative
angular Doppler shift measured in units of o, i.e.; td = 7/0, tdd = Ar/0, vd = Awo. The three
special cases of received echo signals when phase ¥ = 0° (solid line) ¥ = 90° (dashed line)
and ¥ = 180° (dotted line) are shown in several figures and this convention is preserved

throughout this work unless indicated otherwise.

In Fig. 3.1 we displayed the set of patterns obtained when relative LOS velocity of
two points is zero, i.c., relative longitudinal position is fixed and temporal separation varies.
This case is similar to the problem of spatial resolution!3, In Fig. 3.1a the echo pattern for ¥
= 180° corresponds to zero signal. Echo signal for ¥ = 0° is twice the signal for ¥ = 90°. In
Fig. 3.1b the pattern for ¥ = 180° is barely discernible. In Fig. 3.1¢c and 3.1d the echo signals
corresponding to three different relative phases are quite distinct. When temporal separation

increases, echo signals become less sensitive to the value of phase, and in Fig. 3.1f
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Fig. 3.1  Echo signal patterns from two equal strength, stationary backscatters, with

changing values of separation. Sclid line phase angle ¥ = 909; dotted line -
phase angle ¥ = 180° for this and all subsequent figures (3.1 - 3.13).
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Fig. 3.2 Echo signal patterns from two equal strength, moving backscatters with changing
values of relative velocity and separation value of zero.
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Fig. 3.3 Echo signal patterns from two equal strength backscatters; selected values of
separation and relative velocity.
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all three patterns are almost identical, as the overlap between signals from two components of
the target becomes negligible. Fig. 3.2 shows the echo patterns for maximum overlap of
backscattered fields when temporal separation of targets is zero and for different relative
velocities. Note the similarity of patterns corresponding to % = 180° in Fig. 3.2b and 3.1¢c
with the pattern corresponding to the same phase 1n Fig. 3.1b and 3.1c. In Fig. 3.2d we
observe asymmetry for the case corresponding to ¥ = 90°. As relative velocity increases,
echo signals are becoming more oscillatory, the width of individual peaks narrows (~1/vd)
and the envelopes of oscillatory pattern are provided by patterns for vd =0, ¥ =0% and ¥ =
180° (for arbitrary p).

In Fig. 3.3 we plotted echo signals for selected cases of nonzero temporal separations
and relative angular Doppler shifts. While some patterns are quite different from those in Fig.
3.1 and 3.2, some are similar. For instance, comparing Fig. 3.1¢ and Fig. 3.3f we expect it
may be difficult to make proper pattern classification in the presence of noise. As we could
expect, only patterns corresponding to ¥ = 180° have zeros. It is important to note that
patterns with p = 1/2 have a structure that is most pronounced, for p approaching O (or 1) the

echo signal will be represented by a Gaussian shape with weak modulations.
3.2.2 Performance Measures

The performance of the estimators of pattern parameters is evaluated by utilizing the
Cramer-Rao bounds!0. These bounds are simple lower bounds on variances of unbiased
estimators. In this report we study the sensitivity of the CRB's to the temporal separation of

point targets, their amplitudes, relative phase and relative velocity (Doppler shift).

In general, if parameters (A) are arranged in such a way that the first m components
of vector A denote unknown Aeterministic parameters, then the Cramer-Rao bounds on the
. . . A .
variance of unbiased estimators A;(i = 1,...,m) are computed from the m x m Fisher

information matrix J((A)) with elements J (@)ij given by:
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/23ln p(nl(A)) _3ln p(ni(A))
AN aAi ahj n !

J((L))ij = < (3.26)

where <.>_ stands for averaging over all realizations of n governed by the distribution

p@!(A).

The CRB’s for variance of estimators A are given by the diagonal elements of the
inverted information matrix denoted as ("1 (A))); so that:

var Ay 2 (3"1((A)))y; = CRB(A;, (W) (3.27)

Set (A) of determiaistic parameters can contain r, Ar, Aw, p, Ngand ¢ (or related
parameters). For the probal ‘lity distribution functions (PDF) p(n!A) which are the products
of PDF’s such as those m q. (3.18), the Fisher information matrix J((f‘-))ij is given dy:

L
-5 7/ 3ln p(ngl(A)) 3ln p(nyl(RA))
TR 44 i N A, Ay >g +(3.28)

When signal statistics are governed by Poisson distribution, Eq. (3.28) becomes:

L
1 9<nL> I<nL>

where <n, > denotes the expected values of registered photocounts.

In the limit of small integration times covering an entire echo signal, Eq. (3.29) can be

written in the following form:

- s B(t, (M) |53 PCE, A))
UCOIES B(E, (A1) +5 (3-30)
-®
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This expression remains valid when the observation time is finite, provided that infinite

time domain is replaced by integration over a finite one.

The selection of parameters describing the pattern of interest depends on the
application. In general, the Fisher information matrix Jij for parameters B; = B; (A)) (i= 1,
..., m) is related to the Fisher information matrix Jij for parameters A; (i = 1,...m) as follows:

3B, ((A)) _ 3B, ()

X
- S8y, SR

(3.31)
13 &3 i 3

J((A)) =

Two important special cases are obtained when the power density of the uniform
background is negligible compared to the power of the echo pattern and when the background
power is much larger than the signal power. We will refer to these two limiting cases as
signal shot noise and background shot noise limited, respectively. In the second case, Eq.

(3.30) for the Fisher information matrix may be approximated by:

[
1 9 [ )
. J((Q))ij' > I dt a—AI P(t, ((A)) —l—aTjP(t: (A)) / (3.32)
p = An i, j ¥ n

where we assume that the set of estimated parameters does not include ¢.
3.2.3 Expressions Used In Numerical Caiculations

When computing the Fisher information matrix, for the most general case of six
unknown parameters, twenty-one integrals have to be computed since matrix J((ﬁ))ij is
symmetric. Each integral may depend on up to seven parameters (including background
density p). Diagonal matrix elements of the inverse of this 6 x 6 matrix provide the bounds
on parameter estimation. Note that for small temporal or small velocities separations of point

targets, the Fisher information matrix can become ill-conditioned.

In order to achieve numerical stability, it may be helpful to find the relationships

between various matrix elements. To reduce the amount of numerical computations, and to
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clarify the dependence on various parameters defining the pattern of interest, it is useful to
identify those parameters which can be removed by appropriate transformations of matrix
clements. It is also useful to determine the minimum number of significant parameters.
Examining Eq. (3.30), we note that by multiplying elements of the Fisher information matrix
by some power of N, we can make these elements dependent on N, only through a factor

of p/N¢,. This scaling property allows the following factorization of the bounds:

N’ CRB (Ai) = N' fai[f,Af,Aw, P, N.,'l',p]

- f‘ilr' Ar,Aw, P, N’,‘l',p/N.] (3.33a)
forAiﬂNs.and
—L—canlﬁl-—i-f [rArAwp N ’p]
N . N N I ’ ’ , " ’
8 8 ]
-t [f,Ar,Au,p, 1, ¥, p/N.] (3.33b)
b

If the observation time covers the entire echo pattern, in the limit of small integration
times, we observe that all matrix elements are r independent. This is due to the fact that the
dependence on r in Eq. (3.30) can be removed by a simple change of variables (consisting of
translation by 7). Without any loss of generality, we may set 7 equal to O in Eqs. (3.33a) and
(3.33b).

These considerations lead to the reduction of the number of nontrivial parameters
from seven to five, i.e., A7, Aw, p, ¥, p/Ng. In the shot noise limited case, the number of
parameters is equal to four. This is also the number of parameters in background limited case
if the CRB’s are scaled by an additional factor of Ns/" (or Ns/NB where Ng = po if we adopt

our convention for time scale) to obtain results that are independent of N¢/p.

Since the Fisher information matrix can be ill-conditioned, it is useful to establish
additional relations in special cases in order to detect possible numerical instabilities which
may occur. An important special case corresponds to the signal shot noise limited conditions.

If we set p =0, the following matrix elements can be easily evaluated (see Eq. (3.30):
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2
Ty n = Np/¥g Iy [aa ] u ‘
s 8

(A N ) (3.34)

In addition, an interesting spccnal case undcr sxgnal shot noise limited conditions is
obtained if we assume the value of ¥ = 0 or (¥ maybe known or unknown) and the
remaining part of the argument of cos(- ) function in Eq. (3.21) identically vanish, which
happens when Aw + awyAr = 0. In this case most of the matrix elements of the Fisher
information matrix can easily be evaluated. Indeed, let us assume for simplicity that Aw =0,

then, all nontrivial matrix elements Jij? A Aj » ¥, Aw can be explicitly evaluated.

P(E:(A) = {“T |iFZ(t tr =30+ dTTPIZ(E + 7 + é.;.,]}

= (I.(t::(&)))2 ; ¢ = cos¥ (3.39)

Therefore, the information matrix J((é_))ij (A;s Aj ¥ Aw,¥) can be written in the following

form:
I((A)) =4 fa e 12— Lies ) (3.36)
-""A A A le .
Bty 1
- 22 ldt L(t; (R)) L(t:(gnl
ony A (R) = (A)

Since L is the sum of two Gaussians and the product of two L-functions is again a
combination of Gaussians, the integral in Eq. (3.36) can be easily evaluated. After taking

appropriate derivatives, we obtain:

Jgy = (/N )1+ 20 T(Br,0), I, =0
s 8 t X4

I, = e é%%%%% T(AT,P) , 3, = 19%- T(Ar,p)
sp sAr 20
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g _ = [u‘/az]l1 + 2¢ [1 -(Ar)z/cazlr(Ar,p)]

pAr rAr
Iy, ™ [n'/4a2][1 - 2.[1 - (Ar)2/4a2|r(Ar,p)] (3.37a)

where

T(Ar,p) = {p(1-p) exp [-(Ar)z/eazl (3.37p)

Another special case in the shot noise limited regime is obtained when Ar =0 and p = 1/2.
Again, one can write P(t,(A)) as a square of the simple expression

2
28 “1/4 2
s ] Z(t-1) cos|iE=T)Aw * ¥ ]} (3.38)

—-—~" e

(e, ) = [—3
X0

= [L (t; (A) ]
and the information matrix can be written in a form analogous to Eq. (3.2€) wit:. iunction L.
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N. cN‘Ar
J = oy g [1 - 2¢T(A71P)]r J - ——— T(AT:P))
PP P(1-pP) PT 2p (1-p) 02
H_(2p-1) N,
J = —_— ArT(A7,P)), J - — (2p-1)
teplaced by L’. After evaluating the integral and its derivatives, we obtain:
=

)

Yyn " (1/)!') (1 + S(Aw)cos¥), g, = 9 Q

s 8 8
Iy ay ™ " 02008 (Aw) cos¥, 3, = - S(Aw)sin¥ , 9

s s¥

2 2
;g = [N./o ][[a Aw] + 1+3(Au)coa¢],
2 2

LNV u.[1 + S(Aw)l(aAw) - 1]co-v]

.59.
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J - - N' S (Aw) sin¥, J = N’[I - S(Au)coa‘l'] ’

rlw UL
2
J'I'Aw = N‘o Aw S (Aw)sind, Jr'l' = =AW (3.39a)
where
S (Aw) = exp(-(0hw)2/2) (3.39b)

Similar formulas can be obtained for the background limited case when the information

matrix J(@)ij can be written in the following form:

-]
sean, , = /o=~ 2— [e, @nre, @iee|  (3.40)
ARy S .

Again, the integral can be evaluated and derivatives performed leading to closed form
expressions for all matrix elements. These important formulas are more complicated and will

be presented and discussed elsewhere.

In numerical calculations of the Fisher information matrix, an integration time
interval of 150 was used. The integration grid consisted of 100G points. The loss of accuracy
due to a finite integration region and coarseness of the integration grid did not exceed a few

percent for the considered values of the parameters.
In some trials for very small temporal separations and velocities (1dd<0.1, vds0.1)
the Fisher information matrix became numerically unstable and quadruple precision was

necessary to obtain meaningful results.

3.2.4 Discussion of Results

The sensitivity of estimation for any given parameter depends on the actual v2lucs 0
that parameter, and on parameters describing a two point target. Ia additi, - e .¢ Zuracy of
estimation depends on whether the other parameters are known. Or.. tn. Fisiset information

matrix is computed for the general case, the bounds zan h< vutaine © 1or special cases by
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inverting an appropriate submatrix when some of the parameters are known. Eq. (3.31)
allows us to derive the transformed Fisher information matrix for any function of our selected

canonical parameter set and thus obtain the desired bounds.

Two limiting cases discussed here correspond to the signal shot noise and
background limited cases. In these two limits the signal dependence is easily scaled out and
results depend on the values of only four parameters: temporal separation of two targets Ar,
fractional strength of the first target P, and the relative phase angle ¥ and angular Doppler
frequency shift Aw.

The following figures describe the accuracy of estimation of the echo for various
pattern parameters as a function of temporal separation between two point targets and relative
Doppler shift. Six consecutive figures, 3.4 through 3.9, are arranged in similar fashion: the
left panels refer to cases when all parameters are known except the one being estimated; the
right panels refer to cases when all parameters are unknown. All panels correspond to the true
value of p = 1/2 and =ach panel contains three graphs corresponding to different values of
relative phase; ¥ = 07 (s0lid line) ¥ = 90° (dashed line) and ¥ = 180° (dotted line) used
before. Alternate scts of figures show signal shot noise limited cases and background shot
noise limited cases, respectively. Note that dependence on signal value was scaled out. In

these figures, Ng denotes the average number of background photons registered in time o.

We first consider the estimator for the temporal separation of two point targets. A
comparison of three cases in Fig. 3.4a shows behavior which may be surprising: for small
separations it is advantageous to have point targets in phase opposition rather than in phase or
phase quadrature. This is despite the much smaller number of photons available in the pattern
(see Fig. 3.1a - 3.1b). The apparent contradiction is easily explained since this is a case in
which all other parameters and, in particular, the expected number of photons are known. It is
this small number of registered photons that indicates that the temporal distance between point
targets must be small. Indeed, in Fig. 3.4b, corresponding to the case in which all parameters
are unknown, the performance of the estimator of ternporal separation is reversed; it is best

when targets are in phase, and worst when they are in phase opposition.
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Fig. 3.5a (background limited case), shows that for small separations, performance is
best for the case when targets are in phase, and slightly worse when the targets are in phase
opposition or quadrature. This is what one would expect; in the presence of backgr.und
generated shot noise, absence of the signal is not a very good indicator of temporal separation.
Figs. 3.4¢c, 3.4e, and 3.4g describe the performance of estimator of temporal separation for
nonzero relative target velocity. In contrast to the static case, selection of ¥ = 180° no longer
gives the best performance of the estimator. The presence of relative motion can lead t0
improved performance for some values of temporal separations and phases, and degraded
performance for others. It is important to note that for angular Doppler shifts (vd) of the order
of four and larger, the performance of estimators of temporal separations becomes phase and
velocity independent (Fig. 3.4g). Since for large temporal separation overlap of backscattered
fields from two target components is negligible, independence of the estimator of separation
on phase, velocity and temporal separation is expected for large tdd. This behavior is indeed
observed in all panels of Figs. 3.4 and 3.5.

When we examine Fig. 3.4b, 3.4d, 3.4f and 3.4h, where ali parameters are unknown
and compare them with the corresponding cases when all parameters but separation are
known, we will notice that strong sensitivity to phase decreases with increasing relative
velocity and the very poor estimator performance (for small relative velocities) improves as
well. Indeed, when vd = 4.0, Fig. 3.4g and 3.4h are practically identical, showing little value
of a priori knowledge in this case. This is in contrast with the static case, when two sources
are ir: quadrature (¥ = 90°%) and temporal separation is 10; a comparison of Fig. 3.4a and 3.4b
shows that we need approximately twenty-five times more photons to compensate for the lack

of a priori knowledge of the other parameter values.

Computation of the minimum average number of registered photons necessary to
perform a measurement of temporal separation with given accuracy is straightforward when
all other parameters are known. For instance, let p = 0.5, vd = 4.0, ¥ =90°, (so that CRB is

described by Fig. 3.4g and assume that we want to measure temporal sepw. .ions of tdd = 0.5
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with accuracy 0.1 (1o error). From Fig. 3.4g we can determine that NSCRB(tcfd) is
approximately 10 for temporal separation 0.5. Since the CRB (ufd) has to be smaller than
(0.1)2 = 01 for the required accuracy, the minimum required number N of photons is 1000.
When more parameters are unknown, such calculations may not be sufficient and may require
for instance finding the bound on CRB (ufd) when other parameters vary within the required

range. (Sec some additional comments in the discussion of midpoint time delay estimation).

Note that for very small separation, the estimation bounds in some cases seem to
diverge. In Fig. 3.4a, we can see that for small separations and sources in phase opposition,
the bound has a finite limit, while for sources in phase, we observe divergent behavior. This
also seems to be true for sources in quadrature. One can analytically verify this behavior. For
the case when all parameters are known, divergent behavior is often observed only for special
parameter values, e.g., p = 1/2. When all parameters are unknown, however, divergent
behavior for small separations is prevalent. This divergence is related to the nonexistence of
unbiased parameter estimators for small temporal separations. This behavior for small
separations will be discussed elsewhere. The present remarks apply as well to the behavior

observed for the other parameter estimators.

With the exceptions mentioned already, Fig. 3.4 and Fig. 3.5 are remarkably similar.
In the background limited case temporal separation estimators seem to be more phase

sensitive and their variance may vary within a larger range.

The next estimator considered is for angular Doppler frequency shift shown in Fig.
3.6 and 3.7 for signal shot noise and background limited conditions, respectively. The first
observation is that Fig. 3.6a as well as Fig. 3.6b, 3.7a and 3.7b display only one bound
corresponding to ¥ = 90°. This is because finite variance unbiased estimators of vd do not
exist for ¥ = 0° and 180° and for relative velocities approaching zero. It is not difficult to
understand why this is the case. Angular Doppler frequency shift enters echo signal in Eq.

3.38 through a cos(.) factor. For phase angle ¥ = 0% and 180° and for very small velocitics,
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expansion of cos(.) leads to a term proportional to (Au)z. For ¥ = 90° in similar conditions,
the first term in expansion is proportional to Aw. This indicates that an unbiased estimator of
Aw may exist for ¥ =90° but not for ¥ = 0° or 190° (and an unbiased estimator of (&w)2 may,
however, exist for these two phase angles). Already for small relative velocities, however,
corresponding to vd = 0.5, we have a full set of bounds for three phase _:mgles. In fact, in the
case of known values of pattern parameters, the dependence of the Doppler shift estimator on
phase angle is rather weak both for signal shot noise (Fig. 3.6¢c, 3.6e, 3.6g) and background
(Fig. 3.7c, 3.7¢, 3.7g) limited performance. For relative velocities of four (Fig. 3.6g and 3.7g)
corresponding to vd of the order and larger, the performance of the estimator of relative
Doppler shift becomes phase and velocity independent in full analogy with the performance
of the estimator of temporal separation. The dependence on phase angle is much stronger
when all parameters are unknown (Fig. 3.6d, Fig. 3.6f, Fig. 3.7d, Fig. and 3.7f) but this
sensitivity rapidly diminishes with increasing velocity, and for vd = 4 (Fig. 3.6h and 3.7h) the
performance of an estimator of relative Doppler shift becomes essentially the same case when
knowledge about the values of other parameters is available. As we could expect, the
performance of estimator of relative Doppler shift rapidly deteriorates with the increase of
temporal separation between point targets. The flatness of the performance curve in Fig. 3.6b
and 3.7b is due to the choice of performance scale, but it is interesting to note that optimal
performance for small velocities is often obtained for rather large temporal separation of point

targets.

The next estimator considered is for midpoint time delay. In the static case when all
parameters are known, Fig. 3.8a and 3.9a show the expected behavior for small separations; it
is more advantageous to have target components in phase rather than in quadrature or phase
opposition. This is consistent with the larger number of photons available in such patterns.
Different behavior is observed (for small separations) when all parameters are unknown: the
performance of the estimator is best when targets are in phase opposition and worst when they
are in phase. This result can be explained by correlation of this estimate with an estimator of
P (see discussion in reference13), As expected, for large separation, the performance becomes
phase and relative velocity independent and approaches a common limit in all :ases whether
parameters are known or unknown. Rather unexpected and exotic behavior is observed in
cases when all parameters are unknown and relative velocity is nonzero. In both signal shot
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noise and background limited cases for ¥ =180°, the performance bound shows a sharp peak
(Fig. 3.8d, 3.8f, 3.9d and 3.9f). This behavior is quite common for small values of P and is
due to various exponential and trigonometric factors in elements of the Fisher information
matrix, which may lead to rapid change of behavior. With increase of velocity, the
dependence on phase is decreasing, but in contrast to two previous estimators, no common
limiting performance curve is attained for the cases when pattern parameters are known or
unknown. In fact, one can show that for small temporal separations when all parameters are
known, CRB (td) decreases as l/(vd)2 (see Eq. (3.39a) for large enough velocities. This
supports our intuitive feeling that it is easier to measure position displacement of a more
structured pattern. On the other hand, this example shows that some care is necessary in
interpreting CRB predictions. Indeed, since CRB is decreasing like l/(vd)z, in order to
perform a measurement of pattern position with given accuracy, we will require less than one
photon if relative Doppler shift is sufficiently large. This is obviously not a sensible answer.
In order to properly use the prediction given by CRB, we should remember that it is a local
bound useful only for small parameter changes (compared to fine structure). To use CRB for
prediction of pattern shifts in the present application, we should be interested in shifts with
errors smaller than the distance between interference fringes. since this distance is of the
order of 1/vd, we can easily establish that sufficiently accurate measurement requires a few
dozens of photons. If we examine behavior of the midpoint time delay estimator in the case
when all parameters are unknown, behavior of CRB for small displacement seems to indicate
that it is also decreasing with increase of relative Doppler shift. However, when we examined
the behavior of the bound for vd = 5 and vd = 6 we observed no further significant decrease

from the value observed for vd = 4.

Establishment of asymptotic behavior of CRB’s for large vd is certainly of interest .
Indeed, if observed stagnation of CRB is real, arguments similar to those used in the case
when all parameters are known would indicate that the number of photons required for fine

pattern shift estimation increases as (vd)z.
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Figures 3.10 and 3.11 are arranged in different fashion than the previous six figures.
All panels refer (0 the cases when signal is unknown and p = 0.01. The top four panels
describe the performance of the estimators of angular relative Doppler shift for selected values
of Doppler shift as a function of temporal separation between point targets, while the bottom
four describe the performance of estimator of temporal separation for similar cases. This
imponant case, when backscatter signal from one target component has much higher strength
than return from the other component, exhibits highly structured behavior of performance
curves. Comparison of Fig. 3.10 for signal shot noise limited case and Fig. 3.11 for
background limited performance shows very similar behavior. As relative velocity increases
in a similar way as for p = 1/2, the performance of estimators becomes phase and relative
velocity independent. Similar plots for the case when all parameters are known (not shown)
show less dependence on phase angle than for p = 0.5, and for high relative velocity they
approach the same phase and velocity limit. One can also observe a correlation between some
of the kinks and brakes in performance curves of the estimator of Doppler and separation. A
more detailed discussion of this behavior in the background limited case will be presented in a

forthcoming paper, when analytic results will be available for the Fisher information matrix.

The next two figures illustrate performance of estimators of relative Doppler shift
and separation as a function of shot noise limited performance. Fig. 3.12 is for p = 1/2, and
panels on the left are for signal parameters known while panels on the right are for unknown
signal parameters. This figure provides an excellent illustration of how with increase of
relative velocity the performance of estimators becomes velocity and phase independent.
Similar illustration is provided in Fig. 3.13 where all panels arc for unknown signal and
panels on the left are for p = 0.1 and on the right for p = 0.01. Again, one can see a
correlation between various abrupt changes in the performance of various estimators. Another
interesting type of plots of estimator performance is to present their behavior as a function of
phase angle. These figures are not shown here but they demonstrate that best (or worst)
performance corresponds in general (for vd # 0) to phase angles different than three standard
phases selected in our figures.
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The value of a priori knowledge in parameter estimation is illustrated in Fig. 3.14.
This figure shows the sensitivity of midpoint time delay and relative angular Doppler shift
estimation for varying numbers of unknown parameters for signal shot noise limited
performance. Panels on the left are for phase ¥ = 0° and on the right for ¥ = 180°. Top

panels and for p = 1/2 and bottom panels are for p = 0.01.

When we examine Fig. 3.14a we observe that knowledge of P (cases b) or ¥ (case ¢)
brings substantial improvement in estimator performance in some ranges of temporal
separation. When both parameters are known (case d) performance is essentially the same as
in case of knowledge of all parameters. Fig. 3.4b shows a more dramatic change. Knowledge
of p (case a) or ¥ (case b) leads to the performance close to one obtained with knowledge of
all nuisance parameters (case d). In fig. 3.14c and 3.14d we observe more gradual
improvement with increase of a priori knowledge. This improvement can be expressed in
terms of smaller number of photons necessary to perform the measurement with required
accuracy. Such considerations provide good illustration of the observation that achievable
resolution depends not only on signal value but also on the amount of a priori knowledge

available about the echo pattern.

3.25 Summary and Conclusions

The fundamental lirnits were established for the accuracy of the estimation of range
and velocity resolution for autodyne detection of a two point target with pulsed laser radar
consisting of a transmitter collocated with a photon bucket receiver. The Cramer-Rao bounds
(CRB’s) were computed for both the signal shot noise and background limited cases. From
these bounds, the number of signal photons necessary to estimate a parameter with a desired
accuracy may be determined. The study of longitudinal position estimation can be of interest

in tracking applications.

The sensitivity of the bounds to different parameter values and changes in the
number of unknown parameters was established. The value of a priori knowledge in

parameter estimation was demonstrated and related (0 the number of unknown
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and d - as in panels A and B; ¢ - all parameters except td and tdd unknown; f - all
parameters are known.
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parameters. An important issue of practical consequence, which remains to be addressed in

future work is the effect of detector response time on parameter estimation of echo signals.

The double point target provides us with a wide parameter space. The extension of
this work could be useful in introducing the natural metric in parameter space for the proper
evaluation of the information content in echo signals. The bound on estimator pertormance
was obtained for a single laser pulse. In many situations of practical interest, the values of
Ng1» Ngp and ¥ will fluctuate from pulse to pulse. Evaluating the performance of a
multipulse system is certainly of great interest. A few minor gaps remain to be filled in order
to make this analysis complete. This includes analysis of potential benefits of pulse wavefront

design.

One of the results obtained was that for large relative Doppler shift a few tens of
photons are required to measure the Doppler shift with moderate accuracy (say Avd ~1). To
put such predictions on a firm footing, one has to construct estimators with variances
approaching the CRB. It is easy to find such an example applicable to problems in which fine
parameter estimation is of interest, e.g., alignment and calibration when the uncertainty of the
parameter value is small. The form of locally optimal estimators is given by:

'3a1n p(al (A))

6
A -1
AR, = > 7Y CAL¢ DD I (3.41)

3=1 3 A=a,

This estimator is for small displacement of A from A . It is a biased estimator; however, its
bias is negligibly small for small displacements from A, and its variance attains the CRB at
A,y

Another important class of estimators useful for a larger class of applications are the
maximum likelihood estimators (MLE). These estimators are applicable to larger parsimeter
variations, and approach the CRB for large signal values. The methods of implementation
for the MLE estimators, together with other practical considerations and types of estimators

are important problems which should be addressed in future work.
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Coherent Radiation Im 1ging and Tracking via lllumination Coding (CRITIC)
Marek Efbaum, Jerzy Nowakowski, Dina Guikowicz-Krusin, and Mitchell Wlodawsld
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ABSTRACT

A novel architecture for a ladar wransceiver is proposed to achieve high-resolution imaging and precision tracking of
complex targets. This architecture combines a conventional imaging receiver (telescope) with a noncoherent sparse array
of photon buckets into one system. The diffraction limited resolution of the array exceeds that of the telescope. This ladar
architecture is designed to use a new technique, CRITIC, which is based on combining the relevant information obtained
simullaneously with the telescope and the array. In parucular, the CRITIC technique allows one 10 overcome several
drawbacks of conventional monostatic ladars and opens new prospects for both the ground- and space-based ladars.’

1. INTRODUCTION

Fine resoluuon imaging of space objects and precision measurement of their angular position is of interest in
numerous Situations. Acave laser sensor sysiems are considered for these applications.

Convenuonal tracking ladars use telescopes (coherent antennas) to image a laser illuminated target onto an array of
photodetectors. The target image which is formed using a single laser pulse is used for estimating the target position.
Typically, the image resolution and angular rposilion esumation achievable with these systems are on the order of the
diffraction-limited resolution of the elescope 2. These ladars operate at the short wavelengths: in the UV, the visible, or
SWIR, in order to take advanage of the diffraction-limited performance,

Simplicity of the monopulse ladars is their main advaniage for space applications: direct detection method is used

for photosensing, high laser spectral purity is not reqmrcdl' , and the state-of-the-art lasers and focal planes may be used
for illumination and detection.

Conventional monopulse ladars have, however, two imporant drawbacks: (1) They are not robust in the presence of
sirong specular scatienng components produced by the target glints or by optical countermeasures such as comer cubes3.
(2) The telescope images may be highly degraded by the aumospheric tirbulence, which severely limits their applicability
as ground based ladars™. To overcome comer cubes as the couniermeasures, one remedy is (0 separatz the transmitter and
the receiver, so that the receiver is kept away {rom highly directional coner cube reflections. In many siwations such a
bistatic configurauon is rot practical. Also, more progress is needed before the active methods for controlling the figure
of large telescopes, and the adaptive optics designed for real-ume compensaticn of aimospherically induced wavefront
aberrations will meet some of the more challenging performance requirements.

Nonconveniional active imaging sensor sysiems were proposed as an aliemative to very large, expensive imaging
telescopes using adaptive oplics. We refer here 10 an imaging sensor as a nonconventional when: (1) the receiver antenna

is noncoherent and consists of an array of photon buckets, and (2), the target images are obtained by processing the target
imcrferogmmss'6.

. Patent pending.
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The reconstrucied images approach the diffraction-limited resolution of the noncoherent antenna when the target is
within an isoplanatic paich of the aumospheric turbylence. Performance-degrading laser speckles, are the well known side-
effect of coh=rent illumination. They can be reduced by enscmble averaging over a number of independent realizations of
warget interferograms prior o0 the reconstruction, or by cnsemble averaging of images reconstructed from the individual
interferograms.

Nonconventional imaging systems represent an attractive alternative 1o conventional imaging systems when it comes
10 high-resolution imaging. Another atribute of these type of sensors is their relauve robustness to the presence of the
strong specular components. These sensors cannot be used for the larget position esumation, however, since a
noncoherent array of photonsensors cannot measure the absolute value of the angle-of-arrival.

The CRITIC (Coherent Radiation Imaging and Tracking via Nonuniform liumination) technique, which we propose
in this paper, makes use of the atuibutes of both the conventional and the nonconventional imaging systems and is free
from their drawbacke. The technique 1s introduced in the next section. In Section 3 we provide qualitative examples of
the CRITIC's performance. The last seclion is a summary.

2. THE CRITIC

In this section we describe the CRITIC's transceiver and its operational principles.

—_— [ 7O 7 7 7 77 NON UNIFORM

—===73 i..) | ENERGY ACROSS
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Figure 1. Schematic of the CRITIC Transceiver.

242 7 SPIE vol. 1111 Acquiaition. Tracking. end Poirsting 1l (1 389/




As seen in Fig. 1, the system receiver cunsists of two different imaging sensors: one is a conventional imaging
system, in which telescope images are sensed at the focal plane with an array of photodetectors and another is a
nonconventional imaging system consisting of a sparse array of photon buckets for sensing the warget interferograms in the
aperture plane. The diffracton-limited resolution of the tclescope is typically much smaller than that of the noncoherent
antenna,

A single transmuitter i3 used by both imaging reccivers. The wansmitter delivers to the target a laser pulse with a
known and nonuniform spatial intensity distribution in the target plane. As discussed below, the known beam
nonuniformity is necessary for unambigous reconsteuction of target images from the interferograms recorded in the
aperture plane. The uansmitter and the receiver telescope are optically aligned with high precision. This alignmen is
required in order to measure the beam position across the warget from the telescope images.

The telescope images and interferograms are collected and processed in parallel for each illuminating pulse.
Whereas the ielescope images are produced in a single pulse, the reconsuucuon of images from the interferograms may
require more than one beam intensity distribution across the warget and therefore more than one pulse.

The main idea behind the CRITIC is: (1) use the telescope images for measuring the angular position of specular
elements, (2) use the interferograms to produce high resolution images of the diffuse elements by employing a technigue
recently invented by us called self-reference ambiguity-(ree holographyg. (3) derive the angular positions of the target
diffuse elements relative to the receiver LOS telescope by analyzing the images obtained with both receivers.

2.1 TARGET MODEL

The complex reflectance of the target can be modeled as:

‘T(; ) = {t(to) + A (:o), :° « s , (1)
° 0 L E f
)

s is the arget support, a(@ and A(@ are the diffuse and specular components, respectively. The specular component is
assumed to be deterministic and is due to the target glints or corner cubes. The diffuse component is due 10 an optically
rough surface and is modeied as a complex ¢urcular Gaussian process:

<a(§°)> =0 (la)
<.(E°).(E;)> .0

- -’ - 2 - -’
<a(:°)a'(:°)> - <Ia(:°)l > 6(:°- to) ’

wherte <- > stands for ensemble averaging. (In Fig. | we denote the diffuse components as a; and a;, and the speculas
components as Ay and Aj.)

2.2 CONVENTIONAL IMAGING SYSTEM

The image intensity distribution of & cohereatly illuminated target in the focal plane r; is given by:

’

- ’ - s !/ - vy ! - - . o
I(ti) = Id:o Idxo ar(zo) l,r(lr° ) ﬂ(:°)l (:° ) h(:° - ‘L) h (to

:L) ’ (2)

where B(r‘o) 13 the amplitude of the incident nonumiform illumination beam, and h(r; 'Q is the coherent point.spread
function,
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Consider. for example, the case in which the specular components are seen through the 1elescope as discrete point-like
sousrces, and are several orders of magnitude brighter than the difluse parts of the warget, i.e.,

M
- - P - - -
.‘r(to) . A(:o) = n-:1 An 6(:° tn) . (3

In Refs. 1 and 2. we analyzed methods of esumating the target position from its image under the following conditions: the
image iniensity has the form of Eq. 2: the intensity is scnsed by an array of photodetectors with apertures smaller than the
Airy disc of the imaging telescope: and the accuracy of mcasurement of any point source is not affected by the presence of
others. Under these conditions, we have shown that the accuracy of measuring the angular position A, of a point source
(see Fig. 1) is:

A -7(7«/92)/&; , - (4)

2

wherz A is the illumination wavelength, D, is the diameter of the telescope aperture, v is a constant which depends on the
point-spread function, and N, 1s the cxpected number of photocounts from a glint collected by all photodetectors. Eq. 4 is
valid in the limit when the signal-generated shot noise is the dominant source of noise. Typically, practical considerations
such as quality of the opucs. finiic extent of the "point” target, and nonuniformity of the focal plane do not aliow one 10
improve the angular accuracy A4 10 less than (VDZ)/(IO - 100) mercly by increasing the signal.

In the CRITIC, the telescope images are used 10 mcasure the angular position of glints r‘n and their sirength 1A, 12,
The angular position of glints is measured with accuracy better than the diffraction-limited resoiution of the telescope
(MD3g). According to Eq. 4, accuracy 100 umes better than the diffraction-limited resolution can be achieved when a
point-glint produces 10,000 photocounts (the constant ¥, typically does not exceed unuy) According to Eq. 2,
measuremeni of the glint strength 1s possible when the itlumination beam intensity is known across the target. In the
CRITIC, the knowledge of the beam iniensity distribution is achicved through optical alignment of the imaging telescops
with the uansmitter and the high beam quality. The accuracy of the optical alignment should be at least as good as the
accuracy of the angular position cstimation of the pomni-glints,

2.3 NONCONVENTIONAL [MACING SYSTEM

——

The CRITIC's nonconventional imaging system, shown schematically in Fig. 1, is a noncoherent sparse array of

photon buckets, which is used to detect interferograms created by the interference of all target components under the
nonuniform illumination.

We view an interferogram of a complex warget, as a hologram, in which the glints serve the role of holographic
references. The classical off-axis holographic echniques are not useful, however, 1o extract the images from such an
interferogram since the reference is on the Larget and there may be more than one reference. Under such conditions the

conventional techniques will produce multiple overlapping images with unknown angular position relative 1o the
receiver®.

The self-reference ambiguily-free holography which we recently proposed9 is capable of extracting the images of
the diffuse parts of the target and measure their angular position relative 10 the nonuniform illumination beam.

2.3.1 SELF-REFERENCE AMBIGUITY-FREE HOLOGRAPHY
The principle of the CRITIC holographic technique is illustrated in Fig. 2 below:
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Figure 2. Schematic of Scif-Refercnce Holographic imaging.

The intensity distnibuion in the receiver plane at a distance z from the target may be written

’ ’ [

-’ - - - - -t - v 2' - - -
I{z ) a Id:a Id: a (:o) .‘r(:o) B(:o) B (:o) exp [-Li;- (:o :o)- T ' (5)
where B(fp) is the amplitude of the incident nonuniform beam, and
i(i)aa(i)w[uizlx:] (6)
T o T o - )

Taking the Fourier ransform of the interferogram in Eq. (5) gives

’ ’

rE e @ ) GE - 8@ 8TE- D). (7
In the above equation. the effect of finite size of the recetver was neglected. The effect of the diffraction-limited
resolution on the reconstrucied images was invesiigaied qualiuvely and is illusaated in Section 3.

Further processing of information conuined in Eq. (8) depends on the nature of target reflectivity. Consider for
simplicity poindike glint references. In this case the wrget refleclance may be wrilten:

N
;7(;, . a(E) + z:in $(E - E) ()
nsl

and the Fourier uransform of the interferogram becomes

r(z) a r"(:) + rqo(:) + r“(:), (9)
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where

N “ - =i - " - -
rw(:) = E E “nan B(:n) B (rn) 8(rn-xn-:) (10)
n=l =l

describes interference between the glins;

N
- - -t - - - -
rqo(:) = E An 8 (:n) B(:n+ z) a(:n+ z)

n=}
N - - * -~ .. ~% - -
+ z An B(:n.) B (:n- z) a (:n- z) (11)
usl
is the interference beiween the glints and diffuse reflections; and lasily
- - -' - -' “'--" - - - -' -
l‘oo(:) = Jd: a(r ) & (zr -~ 1x) B(r) 3 (¢ - 2) (12)

is the autocorrelation funcuon .« the product of target reflectance and th ¢ beam amplitude distribution in the target plane.

For sufficiently strong glints (1A, 1 >> 1a(f) 1), the term Foom may be neglected. Since glint positions and
amplitudes can then be determinced with high precision by the conventional part of the system. the term FSB (T) can be
. temoved from Eq. (S) by an appropriate processing. Therefore, we «wcd w0 consider only the term Fgo .

In order 10 obtain reconstr icted images of diffuse targets s useful W consider the correlation function:

- - - - -
C(r) = <Tq°(t) l‘qo(r)> .

{13)
Using Eqgs. (12) and (11) we obtain
N 2 2 2 2
cd = 3 At B ) {m(En&)n <la(E o8 1>
n=sl
- - 2 - - 2
+ IB(E B 158 E D) >}. (14)

This is an equation for 2N unknowns <1 a(r'n +D1>and < ta@, - ! 25, The unknowns are solved by generating 2N
equalions, each resulung (rom a different beam position.

Solution of £¢. 14 yields 2N images of the diffusc warget: it is important to note that the position and orientation of

each image is known w ith respect 1o posiuons of the glints. These images can be noncoherenty combined to enhance the
signal-1o-nciae fato,
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2.3.2 DESIGN CONSIDERATIONS

Target interferograms are spatially band-limited functions with the highest frequency determined by the target size.
The highest spatial frequency dictates the smaliest separation among the photon buckets in the array. The largest
separauon defines the receiver aperture and determines the diffracuon-limied resoluuon of the array.

In the CRITIC architecture, the diffrrction-limied resolution of the array is one or two orders-of-magnitude larger
than that of the imaging lelescope, 1.e.:

(X/D3) = m(X/DZ) ’ (18)

where D1 is the array aperture size. and m is always larger than unity and may be as large as a hundred. The resolution of
the aray, A3, depends on both the diffracton-limited resolution and the signal-10-noise considerations.

The resolution of the interfcrogram depends on the ability 1o measure the intetference fringes between the diffuse
and specular components. The signal is proporuonal to the product of their reflectivities weighted by the illumination
intensity across them. Assuming orders-of-magnitude larger reflectivity for the glint, one deduces that in the shot noise
limit, the glint is the main source of the noise, and the signal 10 noise ratio is proportional to the square root of the number
of photons from the diffuse components of the target.

It is reasonable 10 expect that the resolution of the noncohcrent array 43 can not exceed,

A3 - (X/l.')a)/ﬂls ' (16)

where N is the total ¢xpected number of photons {rom the diffusc elements. The overall performance is limited by the
poorer of the two resolutons 44 and 43,

In the CRITIC technigue, the transmitter is uscd o code the target reflectance with the laser illumination. By
illuminadon coding we understand here that the nonuniform disunibution of laser intensity is known across the target. As

we stressed in the section 2.3.1, the inwensity coding is the key for ynambigous reconstruction of the target images from
their interferograms.

The longitudinal coherence of the laser illuminator must be at least twice the maximum path length difference
between the target elements. The necessary laser power can be deduced from the system resolution requirement. The
sufficient laser power is larger and depends on specific target and system characteristics, which must be taken inio account
in a quanutative analysis of the sensor system performance.

3. CRITIC PERFORMANCE: AN EXAMPLE

In this section we present results of computer simulations of the CRITIC performance in the strong signal limit,
where the main source of error is due o the stochasuc nature of the backscattered field arising from the random, warget-
induced phase modulation which resulis in the well-known phenomenon of the laser speckle.

We considered a model of a complex target shown in Fig. 3A illuminated by a Gaussian beam shown ir Fig. 3B.
with half-widih cqual 0 the arget length. The locations of “glinis” are indicated by dots. The amplitude of the "glint” in
the center is 10° sironger than that {rom any diffusc e!lcment. The other "glint” is 10¢ suonger. The weaker “glint®
models a swong specular component from, for exarnple, a satellite, whereas the suonger "glint” models a comer cube.
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A B

Figure 3. Models of a Target and Illuminating Beam.

A CRITIC wransceiver is used for imaging the target and csuimating its position. Figure 4 shows images of the target
obtained with the conventional telescope receiver considered for CRITIC in this example. Fig. 4A shows the target image
under incoherent illumination and in the absence of glints, Lo give an example of the telescope diffraction-limited
resolution. Fig. 4B is a realization of the telescope image when illumination is coherent. The diffraction-limited
resolution is represenied by the laser speckle size. We see thal the resolution of the selected telescope is 100 poor 1o
recognize the target from a single realization of the image, due to the noise-like laser speckle. Figures 4C and 4D are the
teiescope images of the target in the presence of the weaker and suonger glints, respectively. As expected, the elescope
images show a point-like targets whose position can be found very accurately, but not a trace of the much weaker diffuse
clements of the target can be found.

However, by shifting the Gaussian illumination beam to a different position and using the two different resulting
holograms, we obtain, with our holographic technique, a Larget image shown in Fig. SC. This image was obtained with an
uniformly sampling array of photon buckets with an aperture four Limes larger than that of the telescope. Fig. 5D shows
the reconstructed target image after averaging over 100 realizations of the Iaser speckies for each of the two beam
positions. For completeness, Fig. 5B illustrates the expecied failure of the convenuonal holographic method w produce
the target image. The importance of the results in Fig. S is that they show target images which are produced
simultaneously by the two sensors employed by the CRITIC sysiem. Indeed, one car {ind the glint position (Fig. 5A) and
have high-resolution images (Figs. SC and D).

In Fig. 6 we show similar target images obuined with the CRITIC system for the case of a strong glint located in the
middle of the target. The noise at the edges of Figs. 6C and D is an artifact due to the single-precision Fourier
ransformation used for the reconstructions, while the dark horizontal lines in the target images in Figs. 6C and D are the
artifacts of the specific algonthm used,

In Fig. 7A we show a single realization of the argel image in the presence of two glints: the weaker at the top of the
target and the stronger in the middle. Images in Figs. SA and 6A and 7A were simulated for the same illumination and
receiver telescope. Our hclographic technique, used with the same array of photon buckets as before, produces images
shown in Figs. 7B, C and D after 1, 10, and 100 realizauons for each of the four different beam positions across the target,
respectively.

We have identified several promising candidate algorithms, in addition o those used to produce the results shown
above. We conunue our research (o explore the CRITIC technique to its fullest potential.
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A: Non-coherent - ..~ C:Coherent
Humination Co Illumination,
Glint = 102
(1 realization)

B: Coherent : D: Coherent

iHumination, ilumination,
Neo Glints . Glint=103
(1 realization) (1 realization)

Figuse 4. Tclescope Imagces.
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A: Conventional . C: Non-conventional
image Reconstruction
(1 realization)

‘ N ‘.ﬁ.--_.

B: Conventional D: Non-conventional
Holographic Reconstruction
Reconstruction (100 realizations)

Figure 5. CRITIC Images for Glint Suength = 102,
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A: Conventional
Image

B: Conventlonal
Holographic
Reconstruction

C: Non-conventional
Reconstruction
(1 realization)

_D: Non-conventlonal

Reconstruction
(100 realizations)

Figure 6. CRITIC linayes lor Glint Suength = 103.
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" A: Com)ontloﬁal C: Non-conventional
image Reconstruction
(10 realizations)

(X

B: Nn-convontloml D: Noconvontlonnl
Reconstruction Reconstruction
(1 realization) (100 realizations)

Figure 7. CRITIC Images for Two Glints (102 and 103),
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4 SUMMARY

A novel ladar system is proposed to achieve high-resolution imaging and precision tracking of complex targets from
a ground-based or space-based platforms. The system is based on the CRITIC technique in which telescope images of
glints are produced simultancously with holographic images of the diffuse target components obtained through a novel
self-reference holographic imaging technique reported by us recently. In the technique, the glints are used as holographic
references for the much weaker diffuse clements, which are uniquely coded by the nonuniform coherent laser illuminaton.
By integrating into one sysiem the imaging telescope of modest diffruction-limited resolution with a noncoheren: array of
photon buckets with an order-of-magnitude larger diffraction-limited resolution, the CRITIC overcomes several
drawbacks of the convenuonal monosiatic laser radars and the aperture plane interferometric receivers, whiie preserving
all their auributes.
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